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3D cine DENSE MRI: Ventricular segmentation and myocardial 
strain analysis 
Daniel Alejandro Auger      11 February 2013 
Displacement encoding with stimulated echoes (DENSE) is a quantitative magnetic 
resonance imaging (MRI) technique which measures myocardial displacement at a 
pixel resolution. Regional myocardial strain can then be calculated, providing a useful 
clinical measure of myocardial function. Right ventricular (RV) function is difficult to 
quantify because of its asymmetrical geometry, thin myocardial wall and eccentric 
motion. Novel motion and strain analysis techniques using 3D cine DENSE are 
presented for the RV. Three dimensional tissue tracking methods offer the ability to 
quantify RV strain at a previously unattainable spatial resolution. The RV is divided 
into four anatomical segments in order to provide regional measures of strain across 
the cardiac cycle. Results compare favorably to previous studies, showing variation in 
strain according to structure. Segmenting the myocardium from 3D cine DENSE data 
is necessary for regional myocardial strain quantification. This prohibitively time 
consuming step is a limiting factor for the use of 3D cine DENSE in a clinical 
environment. A semi-automated left ventricular segmentation algorithm is introduced 
to minimize the data analysis time. The segmentation is initialized by interactively 
placing guide points along the left ventricles borders at a single cardiac phase. A 
mathematical model is fitted to the points and used to generate epicardial and 
endocardial surfaces. Each surface is then propagated across the cardiac cycle using 
the displacement information inherent in the phase data. Segmentation results 
compare well to corresponding manually defined contours, and the time required to 
segment an entire three dimensional data set is reduced by 10 fold, with only 5.6% of 
contours requiring readjustment. Finally, methods are presented to quantify bi-
ventricular cardiac dyssynchrony using strain measurements obtained from multiple 
planes of 2D cine DENSE data. Results illustrate the variation of regional strain 
across the cardiac cycle between healthy and diseased hearts. Dyssynchrony is 
quantified using time to onset and time to peak strain metrics. Results illustrate bi-
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This dissertation presents and evaluates novel methods and techniques for the three 
dimensional (3D) analysis of myocardial function and strain in healthy and diseased 
hearts, using displacement encoding with stimulated echoes (DENSE) magnetic 
resonance imaging (MRI). The rationale for this work is to contribute towards the 
field of cardiac MR research by using a recently developed cardiac MRI technique to 
better quantify and understand the motion and function of the human heart in three 
dimensions. 
This dissertation includes three independent articles which are found in 
chapters three, four and five. Each chapter includes an introduction that provides the 
necessary background and context of the work presented in that chapter. Each chapter 
further documents and evaluates aspects of the methodology, results and conclusions 
pertaining to that chapter. This allows for the direct access and evaluation of the 
different methodologies and follows a logical progression of the work. Due to this 
format of the thesis, the document necessarily contains repetition as each of the core 
chapters is presented as an independent article. The contributions of co-authors to 
each chapter are given below for examination purposes. 
Chapter 1 provides a brief introduction of the purpose and scope of this 
dissertation. 
Chapter 2 provides an overview of cardiac anatomy and physiology, cardiac 
imaging, basic MRI physics, relevant topics in cardiac MRI, and a comprehensive 
review of cardiac MR image analysis techniques.  
Chapter 3 is journal article that has been peer reviewed and published in the 
Journal of Cardiovascular Magnetic Resonance. This chapter describes the 
application of 3D DENSE to assess the detailed motion of the entire right ventricle 
(RV) at a previously unachievable spatial resolution. Novel post processing 
techniques are introduced for tissue tracking and strain computation, and a method for 
subdividing the RV for regional strain analysis using clear anatomical landmarks is 
proposed. Quantitative strain results are presented for five normal volunteers. I was 
the primary author of this article with insights and assistance from all other co-
authors. Xiaodong Zhong and Frederick H. Epstein developed and implemented the 














Xiaodong Zhong participated in the development of DENSE post processing software. 
I implemented all RV-specific post processing techniques. These include 3D tissue 
tracking, a 3D strain algorithm, RV anatomical divisions, and all strain analyses. 
Chapter 4 is a manuscript which has been prepared and submitted for 
publication to the Journal of Cardiovascular Magnetic Resonance. This chapter 
describes a semi-automated method for segmenting the left ventricle (LV) from its 
surrounding anatomical structures for volumetric 3D cine DENSE data. The chapter 
includes the description of the algorithm, which is based on a guide point model 
approach, noise removal techniques, and a novel method to robustly propagate LV 
epicardial and endocardial surfaces of the model using the displacement information 
encoded in the phase images of the DENSE data. I was the primary author of this 
article with insights and assistance from all other co-authors. Xiaodong Zhong and 
Frederick H. Epstein developed and implemented the 3D spiral cine DENSE sequence 
and acquired the data. Bruce S. Spottiswoode and Xiaodong Zhong participated in the 
development of post processing DENSE software, including the phase unwrapping 
algorithm. I implemented all segmentation methods which include adapting the LV 
geometrical model for 3D DENSE MRI data, phase noise removal, LV 3D tissue 
tracking, and propagation of the LV model across the cardiac cycle while segmenting 
the LV myocardium. 
Chapter 5 presents an application of cine DENSE to evaluate LV and RV 
strain in patients with cardiac dyssynchrony. Three dimensional cine DENSE is not 
yet suitable for routine clinical use due to impractical long scan times that are difficult 
for patients to tolerate. In this chapter, two dimensional (2D) cine DENSE data in two 
orthogonal views are combined to present reliable methods to quantify bi-ventricular 
dyssynchrony in the absence of true 3D DENSE clinical data. This material is being 
worked into a manuscript for future publication. 
Chapter 6 presents a comprehensive discussion and summary of the main 
findings of the work, highlights the strengths and limitations of the methods 
presented, and discusses possible future work. 


















1.1 Rationale and Motivation 
Cardiovascular disease (CVD) remains a leading cause of death worldwide, 
accounting for 33.6% of deaths in the USA in 2007 [1]. The American Heart 
Association plans to reduce deaths from CVD by 20% and improve the cardiovascular 
health of all Americans by a further 20%. In order to achieve these goals, the ability to 
diagnose, treat, manage current patients and individuals with risk factors must be 
improved. Heart disease can affect any region of the myocardium, and the complex 
movement and contraction of the heart occurs in a three dimensional (3D) manner. To 
date, our understanding of cardiac function and pathology is still limited and various 
techniques have been developed for the effective diagnosis and treatment of CVD's. 
The ability to non-invasively image myocardial wall motion has significant potential 
for the diagnosis, treatment and management of heart disease. There have been 
various techniques developed for cardiac imaging in order to provide qualitative and 
quantitative information on the morphology and functioning of the heart. 
Cardiovascular magnetic resonance (CMR) imaging provides a number of advantages 
over other imaging modalities, such as excellent spatial resolution, superior contrast 
and image quality, and no exposure to radiation. CMR has therefore been an active 
platform for the development of several non-invasive techniques designed to 
understand myocardial structure, function and perfusion. 
 
Myocardial wall motion abnormalities occur in nearly all heart diseases. Wall motion 
imaging and regional strain are therefore clinical indicators of myocardial function 
and viability, but inferring these measures from standard morphological MRI videos 
is limited as the motion of the heart is complex (rotation, twist, and shear) and there 
are few distinct anatomical features within the myocardium. Several MRI tissue 
tracking techniques have been developed in order to study the motion of the heart, 














encoding with stimulated echoes (DENSE). Myocardial strain can be quantified using 
these techniques and in turn be used as an indicator for pathology.  
 
In DENSE, displacement is encoded into the phase of the images so that myocardial 
motion can be quantified at a high spatial resolution over segments of the cardiac 
cycle [2, 3]. DENSE is a technique which has the potential to overcome the 
disadvantages of tagging and velocity encoding while combining and enhancing the 
advantages of each. However, three dimensional imaging and tissue tracking 
techniques are required to accurately capture the complex 3D motion of the heart. A 
3D spiral cine DENSE sequence has recently been designed and implemented in order 
to provide 3D volumetric displacement encoded data [4]. This thesis presents novel 
methods and techniques for the analysis of regional myocardial function in three 
































2.1 Physics of MRI 
2.1.1 Principles of MRI 
The core to understanding the principle of MRI is to understand the concept of 
magnetic / nuclear spin. Nuclei of atoms consist of particles, namely protons and 
neutrons, exhibiting independent quantum mechanical behavior. MRI relies on the 
fact that atoms with an odd number of protons and / or neutrons possess a non-zero 
nuclear spin angular momentum, I. This nuclear spin results in a magnetic dipole 
moment, µ, which is randomly orientated. When these atoms are placed in the 
presence of an external magnetic field B0, the interaction is given by the nuclear 
Zeeman relationship: 
 
          (2.1) 
where H is the potential energy of the magnetic dipole µ in B0. This torque causes the 
magnetic dipole moment to precess about the magnetic field B0 at a resonant 
frequency  , known as the Larmor precession frequency given by 
 
         (2.2) 
where   is the gyromagnetic ratio for a particular nucleus. The magnetic field is 
typically 1.5T or 3T in medical applications, and applied in the z-direction known as 
the longitudinal direction. This precession of millions of dipole moments gives rise to 
a net magnetization vector M, which is initially parallel to B0. In MRI, the most 
commonly used atom is hydrogen due to its abundance both in the human body and 
naturally, as well as its excellent MR properties.  
 
Consider a collection of hydrogen atoms in a sample of tissue. Initially the spins / 
magnetization vectors are all randomly orientated with respect to each other, resulting 














the magnetic field, while they precess at the Larmor frequency  , with a net 
magnetization M. An oscillating radiofrequency (rf) electromagnetic field B1 applied 
perpendicular to B0 at the Larmor frequency excites the spins, causing the magnetic 
field M to flip towards the transverse (X-Y) plane. After application of the rf pulse, 
the magnetization will have both a transverse (Mxy) and longitudinal (Mz) 
magnetization component. The ability of a small rf field applied at the Larmor 
frequency to flip the magnetization is referred to as the magnetic resonance 
phenomenon. B1 is defined by 
 
   ( )      
      (2.3) 
The equation of motion for the magnetization is given by  
 
   ( )
  
  ( )    ( )  
(2.4) 
which describes precessional motion of the magnetization vector around an effective 
magnetic field B(t). Assuming the rf pulse is applied exactly at resonance (ω0=ωL), 
the effective field is simply B1, so that the magnetization precesses around B1 for the 
duration of the rf pulse at a frequency γB1. The magnetization rotates through an 
angle  , known as the flip angle, which is determined by the magnitude and duration 
of the rf pulse, α=γB1t. The resultant components of the magnetization vector with 
initial condition M (0) = M0 are; 
           (    ) 
      (2.5) 
 
          (    ) 
      (2.6) 
where τ is the duration of the rf pulse and t is the time. Once the rf pulse is turned off, 
the energy is released and the magnetization returns to its state of equilibrium. 
Precession of the magnetization around the net magnetic field B0, now induces an emf 
in a receiving coil according to Faraday’s law. This signal is the MR signal. Since the 
magnetization relaxes back to equilibrium, the signal decays, resulting in what is 
known as a Free Induction Decay (FID). The Bloch equations describe the motion of 
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In the above, T1 is the longitudinal relaxation time constant, which is dependent on 
the energy exchange between the spin and its lattice, while    is the transverse 
relaxation time constant, which is dependent on the energy exchange between 
individual spins.  
2.1.2 Image formation 
Images are reconstructed from the signal received by the receiver coils. However, as 
the signal is a function of time, the spatial distribution of magnetization is not 
possible. Magnetic field gradients are therefore used to spatially encode the signal, 
using slice selection, frequency encoding and phase encoding gradients.  
The slice encoding gradient Gz is applied perpendicular to the imaging plane during 
the rf pulse. This causes the resonance condition to be satisfied for only a particular 
band of frequencies, exciting a specific slice of tissue. The width of the slice is 
dependent on the strength, Gz of the gradient as well as the bandwidth of the rf pulse. 
The frequency encoding gradient Gx encodes the frequency in one of the in plane 
directions, say the x-direction, during signal acquisition, causing the frequency of the 
signal to vary as a function of position. The phase encoding gradient Gy is applied 
after the rf pulse, but before signal acquisition. The gradient encodes phase along the 
y-direction. The gradient creates a linear variation in spin frequency, where the higher 
spin frequencies acquire more phase, than the lower frequencies during the duration of 
the pulse. For an image consisting of a matrix size m×n, the phase encoding step is 
repeated n times in order to uniquely encode the phase pattern of every pixel in the y-














Transform to produce an MR image. The 2D Fourier space is also known as k-space. 
Each row corresponds to a repetition of the sequence for a different phase encoding 
gradient. The order in which k-space is filled is directly related to the sequence and 
this can be varied to optimize acquisition for different applications.  
2.2 The Human Heart 
The heart is a four chambered muscular pump, the parts of which work in unison to 
supply blood to the entire body. The right side of the heart receives deoxygenated 
blood / venous blood through the superior (SVC) and inferior vena cava (IVC), and 
pumps it through the pulmonary trunk to the lungs for oxygenation. The left side of 
the heart receives oxygenated / arterial blood from the pulmonary vei s, and pumps it 
to the entire body via the aorta. The heart is surrounded by a fibrous sac which is 
bound to the central tendon of the diaphragm, the sternum and the posterior 
mediastinum, keeping the heart relatively tethered in place. Between the fibrous 
pericardium and the heart exists the pericardial cavity. It contains a thin film of fluid 
which allows the heart to move in a friction free environment. The muscular wall of 
the heart itself consists of three layers; the endocardium, myocardium and the 
epicardium. The endocardium is the endothelial internal membrane which also covers 
the heart valves. The myocardium is the thick middle layer which is composed of the 
cardiac muscle, and the epicardium is a thin external layer formed by the visceral 
layer of the pericardium. The walls of the heart consist mainly of thick myocardium, 
especially the ventricles.  
 
The heart is situated obliquely in the thoracic cavity, and consists of the apex directed 
anteriorly and to the left, the base which is directly opposite the apex facing 
posteriorly, and the diaphragmatic, sternocostal and pulmonary surfaces. An anterior 















Figure 2.1: Anterior view of the heart in situe. The Pericardium has been removed. Image 
adapted from Netter (1998). 
 
The heart consists of four chambers, namely, the left and right atriums (RA and LA) 
and the left and right ventricles (LV and RV). The RA receives venous blood from the 
SVC and IVC, and pumps it into the RV through the tricuspid valve. The RV then 
pumps the blood to the lungs. The LA receives the oxygenated blood from the lungs 
and pumps it to the LV through the bicuspid / mitral valve.  
 
The LV is responsible for supplying the entire body with arterial blood. The LV 
therefore requires the greater pumping force and as a result consists of the thickest 
myocardial wall. The RV pumps blood to the lungs at a much shorter distance away. 
The walls of the RV are therefore much thinner when compared to the LV. The 
interventricular septum is a thick muscular wall shared by both ventricles. The portion 
of the ventricles excluding the septum is referred to as the free walls. The functioning 
of the LV is vital, as it is solely responsible for pumping blood the greatest distance 
around the body. However, the heart is a single organ with its chambers working in 
conjunction with each other. The malfunctioning of one chamber, can easily affect 
another.  
 
The myocardium is mostly made up of contractile muscle cells known as myocytes 
that are joined end-to-end to form cardiac muscle fibers, each surrounded by its own 














intercalated disks, providing cell-to-cell cohesion. Along the muscle fibers, the cell 
membranes of adjacent fibers fuse forming gap junctions. This arrangement allows for 
the mechanical and electrical coupling of the cells and the production of the hearts 
contractile force. The myocardium is arranged in a helical micro-structure where 
myocytes are arranged in bundles of myofibers. The orientations of the fiber angles 
vary continuously across the wall from approximately     to    . From the apex to 
the base the fibers follow left handed spiral from the epicardium to the midwall, 
following a planar circular geometry in the midwall, and a right handed spiral from 
the midwall to the endocardium which are orientated more circumferentially. These 
layers are therefore spatially orientated in various directions transmurally and in an 
apical-basal direction [6].  
 
Young et al. showed that fibers are bundled and form layers of 3-4 cells thick known 
as sheets [7]. Sheet orientations also vary not only transmurally but in an apical-basal 
direction. The LV is characterized as an orthotropic material with three mutually 
orthogonal axes oriented along the fibers, transverse to the fibers (within a sheet), and 
orthogonal to the sheet. The regional variations in fiber arrangements within and 
between each of the ventricles show a functional variation according to the structure. 
The orthotropic properties of the myocardium influence both the spread of electrical 
activation, re-polarization and contraction. The speed of the waveform will be 
affected by the direction in which it is traveling, i.e. fastest along the fibers and 
slowest normal to the sheets.  
 
The ordinary sequence of events in the cardiac cycle allows the chambers of the heart 
to contract and function as a synchronous pump. Upon electrical stimulation, the 
cardiac muscle fibers begin to contract. This contraction results in muscle wall 
shortening parallel to the wall and thickening perpendicular to the wall. The electrical 
stimulation begins at the sinuatrial node (SA node) otherwise known as the 
‘pacemaker’ of the heart. The propagation and coordination of contraction is 
accomplished by cardiac muscle cells and specialized conducting fibers. The signal is 
propagated via myogenic conduction to the avtrioventricular node (AV node). The 
AV node then distributes the signal to the ventricles through the AV bundle. The 














bundles in order to supply the right and left ventricles respectively. The branches split 
and pass deep into the sub-endocardial branches (Purkinje fibers) to stimulate the 
walls of the ventricles.  
 
A cardiac cycle is defined as the period of time from the beginning of one heart beat 
to the next. The cycle is comprised of relaxation (diastole) when the chambers are 
filled with blood and contraction (systole) where each chamber contracts and expels 
the blood out. The two atria contract together before the ventricles, and therefore the 
period of systole is divided into atrial and ventricular systole. As the atria contract, the 
ventricles are in a state of diastole in order to accumulate blood. As the atria begin to 
relax and the ventricles begin to contract, the tricuspid and mitral valves close to 
prevent regurgitation of blood from the ventricles back into the atria. This is known as 
isometric contraction. The leaflet of each valve is attached to a papillary muscle, 
which during contraction and relaxation, allows for opening and closing of the valves. 
These muscles are often seen in an MRI image. 
 
An electrocardiogram (ECG) is a measure of the electrical activity generated by the 
heart during the cardiac cycle. Figure 2.2 illustrates this concept [8].  
 
 














The ECG is comprised of the P-wave, QRS complex and T-wave.  The P-wave is 
caused by the depolarization of the atria, resulting in atrial contraction. The QRS 
complex is the most prominent feature in the ECG, which occurs immediately after 
atrial contraction, and represents ventricular depolarization. The T-wave shows the 
repolarization of the ventricles and ventricular diastole. As the heart is a moving 
organ, ECG triggering is often used during structural imaging of the heart. This is 
known as ECG gating. Imaging is typically performed during diastole when the 
motion of the heart is less. 
(For more detail on the anatomy and physiology of the human heart, please refer to 
Moore et al. 2006. [9]) 
2.3 Cardiac Imaging 
Echocardiography, X-ray angiography and nuclear cardiology are all examples of 
cardiac imaging modalities used in the diagnosis and management of CVD’s.  
 
X-ray angiography is performed to specifically image the blood vessels of the body, 
head, the coronary arteries and veins and the blood chambers of the heart. During an 
angiogram, a catheter is placed into a blood vessel, in either the groin (femoral artery) 
or the elbow (brachial artery). The catheter is guided to the area of risk or the area to 
be studied. An iodine dye is administered and its time course recorded by taking a 
rapid series of X-rays. This provides excellent contrast X-ray images of the area in 
question, providing both morphological and functional information. An angiogram is 
typically used to study the narrowing / blockage of a blood vessel, heart chamber size 
and heart valve function. This is, however, an invasive procedure that cannot be 
repeated often. The information is only acquired in 2D, and limited information is 
provided with regards to myocardial motion and contractility. 
 
Due to its widespread availability, echocardiography (echo) is used as the first line 
imaging modality to evaluate cardiac function. Echo is used to characterize cardiac 
function such as volume measurements, wall motion and flow, which further allows 
for the assessment of valve function. Echo uses standard ultrasound techniques to 
create an image of the moving heart. Ultrasonic waves are transmitted, and when a 














reflected back, allowing for an image to be created. Echo is inexpensive and widely 
used; however, image quality is much lower than that of MRI. Ultrasonic waves 
cannot penetrate through bone and lung tissue effectively, therefore the ultrasonic 
window is poor in certain cases. Echo data can be used to assess inter-myocardial 
function, by incorporating speckle tracking. However, this method provides data in 
the longitudinal orientation of the myocardium, therefore limiting displacement 
information analysis in CVD’s. 
 
Nuclear cardiology / scintigraphy is an excellent tool for myocardial functional 
analysis. However, the low spatial resolution limits this technique in the 
morphological analysis of the heart. Nuclear scintigraphy requires the patient to infuse 
a radio-pharmaceutical which is taken up into the cardiac muscle in proportion to 
localized blood flow. Gamma rays are emitted from the compound and captured by 
external detectors. This makes this technique a commonly used method in myocardial 
perfusion imaging. 
 
Magnetic resonance imaging is well suited for studying cardiac function and cardiac 
pathologies. Cardiac MRI techniques can assess both global function such as volumes, 
regional contractile function and a measure of blood flow. Cardiac MRI further has 
the ability to illustrate tissue perfusion, tissue oxygenation and concentration of 
metabolites. Furthermore, MRI does not require ionizing radiation, it can provide high 
quality images of cardiovascular structures without being affected by the bone or air, 
it can produce high resolution 3D images of both cardiac tissue and blood vessels, and 
it does not require any invasive procedures. Currently, MRI is the best tool for 
assessing myocardial viability using late gadolinium-enhanced imaging. 
Disadvantages of cardiac MRI include longer examination times and the requirement 
of more patient cooperation.  
2.4 Cardiac MRI 
Cardiac MRI is generally challenging since MRI is a relatively slow imaging modality 
and the heart is the organ with the fastest movement in the body. The movements of 
the lungs and diaphragm during the respiratory cycle further contribute to motion 















ECG triggering is done almost without exception. As described above, the ECG signal 
is a periodic trace which describes the electrical potential related to the contraction of 
the heart. Imaging a moving organ requires that each part of the image be acquired 
during the same portion of the cardiac cycle (typically during diastole). The ECG 
signal is commonly triggered at the R wave of the QRS complex. In cardiac MR, 
image acquisition is a slow process, and sampling is done over a number of 
heartbeats. This process is illustrated in Figure 2.3. 
 
Figure 2.3: ECG triggering in segmented cine cardiac MRI. Multiple samples are taken 
during consecutive cardiac cycles, each sample contributing to an image of a single frame / 
slice.  
 
The samples from different phases of the cardiac cycle can be used in a multi-slice 
collection of images, or combined into a cine image. Cine images are short movies 
that are able to show the contraction and motion of a single slice of the heart.  
Respiratory motion artifacts are alleviated as the patient is often asked to hold his / her 
breath during each scanning sequence. During 3D imaging, the breath hold time is 
typically too long and therefore navigator echoes are used. These navigators allow the 
patient to breathe freely but minimize the effects to motion by monitoring the position 
of the diaphragm and only acquiring data when the diaphragm is located within a 















In MRI of the body, the imaging planes are orientated orthogonal or parallel to the 
long axis of the body. Typically, images are acquired in sagittal, coronal and 
transverse planes. However, due to the position of the heart in the thoracic cavity, 
such planes are not orthogonal to the walls of the heart, thus preventing accurate 
anatomic and functional measurements. During cardiac imaging, planes that are 
orthogonal to the long axis of the heart are therefore used. The standard planes used 
can be seen in Figure 2.4. These include, short axis, horizontal long axis (four 
chamber view), and vertical long axis (two chamber view). The planes are defined 
from a longitudinal line extending from the apex to the center mitral valve of the LV. 
The short axis plane is defined as perpendicular to the long axis of the heart, while the 
long axis planes are parallel to longitudinal axis of the heart and aligned either 
vertically or horizontally.  
 
Figure 2.4: Image shows orientation of imaging planes with respect to the heart that are used 
during cardiac MR image acquisition. (a) Short axis view, (b) vertical long axis view and (c) 
horizontal long axis view. Image adapted from Bruce S. Spottiswoode, PhD. 
2.5 Quantitative Cardiac MR Imaging Techniques 
A variety of non-invasive cardiac MRI techniques have been developed to 














myocardial tagging, phase contrast velocity encoding (PC) and displacement encoding 
with stimulated echoes (DENSE). 
2.5.1 Myocardial tagging 
Myocardial tagging is well established and considered the gold standard in non-
invasive cardiac motion and strain analysis. Myocardial tagging involves producing a 
spatial pattern of saturated magnetization within the myocardium which appears as 
black lines, otherwise known as tag lines. These tag lines move with the heart as it 
contracts, thus providing features which may be tracked and used to compute regional 
measures of myocardial displacement [10, 11]. An example of myocardial tagging 
MR images are given in Figure 2.5.  
 
 
Figure 2.5: Myocardial tagging 1D magnitude images showing deformation of tag lines 
during three stages of the cardiac cycle. (a) End diastole, (b) mid systole and (c) end systole. 
Image adapted from Moore et al. [12]. 
 
The tag lines are applied during end diastole, and are undeformed as per Figure 2.5(a). 
During systole, the distortion of the tag lines is clear (Figure 2.5(b, c)). As the heart 
contracts, the blood pool moves out of the imaging plane, therefore, the tag lines do 
not appear in the blood pool at end systole. The automatic detection of tag lines is 
difficult due to tags fading during the cardiac cycle and therefore requires extensive 
user input.  However, automated myocardial tag tracking has been achieved with 
harmonic phase analysis (HARP) [13, 14]. HARP is essentially an image processing 
technique where one harmonic spectral peak in the k-space of a tagged image is 
filtered using a k-space bandpass filter. After performing 2D inverse Fourier 














same pattern as the tag lines. Tissue tracking can therefore be performed by tracking 
the phase of the HARP image. Figure 2.6 illustrates this concept. 
 
 
Figure 2.6: Illustration of the steps involved in HARP analyses. (a) 1D tagged magnitude 
image, (b) k-space peak that will be isolated with a bandpass filter, (c) magnitude image of 
the inverse Fourier transform of the filtered peak and (d) HARP phase image that is used for 
tracking. Image adapted from Osman et al. [14]. 
Drawbacks of tagging include the inherent tag spacing, which limits the achievable 
resolution of myocardial tagging. Furthermore,  multiple orthogonal slices are 
required in order to capture 3D motion, resulting in lengthy data acquisition times 
[15]. Kuijer et al. describe methods used to calculate 2D and 3D strains from 
deformation gradients derived from tagged data acquired in multiple directions and 
image orientations [16], while Moore et al. evaluated 3D strain of the LV using 
myocardial tagging [12]. 
2.5.2 Phase contrast velocity encoding 
Phase contrast (PC) velocity encoding is an MR technique that encodes instantaneous 
tissue velocity directly into the pixel phase and can be used to map both the velocity 














pulses. The spin phasing and dephasing effects of the two opposing gradients will 
cancel each other out in stationary tissue. However, if tissue motion occurs in the time 
between the pulses, a phase shift results which are directly proportional to the velocity 
along the direction of the gradients.  An advantage of velocity encoding techniques is 
the ability to extract strain rate (measure of the time evolution of deformation of the 
myocardium) directly from the velocity data without needing to segment myocardial 
contours [20]. Zhu et al. presented a method to compute a strain tensor in order to 
evaluate intramyocardial deformation [21] using tissue tracking methods described in 
[22].  PC velocity encoding is often used to quantify and assess blood flow. Three 
dimensional spatial encoding with PC MRI enables visualization of the complex flow 
and motion patterns of the blood in the thoracic aorta in 3D [23]. Unlike myocardial 
tagging, PC velocity encoding benefits from a high spatial resolution with velocity 
measures at a voxel resolution. Because PC data does not directly measure 
displacement, but rather a strain rate, displacement and strain calculations are not 
trivial as an additional integration step is required in order to compute displacement 
[22]. Due to the accumulation of an integration error that arises from using phase 
information of other cardiac phases, an additional bi-directional integration step using 
the periodicity of cardiac motion is necessary.  
2.5.3 Displacement encoding with stimulated echoes 
Displacement encoding with stimulated echoes (DENSE) is a technique that combines 
the advantages of both myocardial tagging and PC velocity encoding, and is capable 
of measuring displacements over longer periods of time at a high spatial resolution. 
DENSE is a quantitative myocardial wall motion imaging technique which encodes 
tissue displacement directly into the image phase [2]. DENSE allows for the direct 
extraction of displacement relative to the time of encoding (typically end diastole) at a 
pixel resolution. 
 
The DENSE pulse sequence to measure displacement in the x-direction is illustrated 
in Figure 2.7. DENSE allows for encoding in any direction, but is typically applied in 
2-3 orthogonal directions. As with tagging, DENSE MR imaging contains a spatial 
modulation of magnetization (1-1 SPAMM) kernel in order to position encode the 














period, which is followed by an rf pulse flipping the magnetization onto the transverse 
(x-y plane). A second gradient lobe of the same amplitude as the first, but with a 
reversed polarity is applied, rewinding the phase dispersion caused by the first lobe of 
the tagging kernel. For stationary spins, there is a zero net phase, however, for spins 
that have moved   , the phase accrual is proportional to the displacement. Because all 
displacement information is stored in the phase image, any phase inhomogeneity’s 
need to be corrected. In DENSE, a phase reference scan is subtracted from the phase 
of the encoded image so that tissue with zero displacement has zero phase.  
 
 
Figure 2.7: Schematic timing diagram of the DENSE pulse sequence: RF – radio frequency 
pulse; Gx – magnetic gradient in the horizontal direction; PE – phase encoding pulse; RX – 
receiver coil; TE – echo time; TM – mixing time. The encoding and unencoding gradients are 
of same magnitude, but opposite signs. 
 
For an arbitrary spin with image coordinate x = (x1, x2), the transverse magnetization 
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(2.8) 
where M0 is the thermal equilibrium value of the longitudinal magnetization, Mz0 is 
the longitudinal magnetization prior to the application of the displacement encoding 
pulse, α is the flip angle due to the excitation pulse,    is the tissue displacement 
which occurred in the x-direction between the tagging and measurement, and ke is the 
phase encoding frequency. 
 
Equation 2.8 comprises three terms, each of which represent a distinct echo in k-
space, the stimulated echo (phase directly proportional to displacement), complex 
conjugate echo and the T1 relaxation echo. Figure 2.8(a) illustrates the position of 






















Figure 2.8: K-space images of a stationary phantom with corresponding magnitude images, 
showing the effects of artefact-generating DENSE echoes and the results after each echo is 
suppressed. (a, d) illustrate k-space and magnitude images after the stimulated echo is centred 
by the unencoding gradient, (b, e) illustrate k-space after ke has been set high enough in order 
to shift the conjugate echo out of k-space, and its corresponding magnitude image, and (c, f) 
effects of removing the T1 echo with CSPAMM, and the corresponding magnitude image, 
with no artefacts.Images adapted from Xiaodong Zhong, PhD. 
 
The two high frequency artefact generating echoes are suppressed in order to ensure 
only the stimulated echo contributes to the image. If not, Figure 2.8(d) illustrates the 
tag line artefacts created by the undesired echoes on the DENSE magnitude image. 
The complex conjugate echo is suppressed by setting the encoding frequency ke high 
enough to shift the conjugate echo out of the sampled k-space. Kim et al. showed how 
complimentary SPAMM (CSPAMM) can be used to suppress the T1 echo [3]. 
CSPAMM is a technique used in myocardial tagging in order to compensate for the 
fading of tag lines due to T1 relaxation [24]. A CSPAMM subtraction further 
improves the SNR by signal averaging and doubles the magnitude of the stimulated 
echo and the complex conjugate echo. Other methods such as inversion recovery [25] 
and various degrees of phase cycling [3, 26] have also been used to suppress the T1 
echo. However, inversion recovery can only be done at a single time point, therefore it 
is not ideal for cine DENSE. Phase cycling has been shown to suppress and isolate 















Equation 2.8 shows that the stimulated echo / DENSE magnetization decays 
according to T1 and is reduced by a factor of 2, indicating that the DENSE signal has 
of only ½ the magnitude when compared to a normal echo. This is an inherent 
limitation of stimulated echo techniques. 
 
Figure 2.9 illustrates DENSE reconstructed magnitude and phase images encoded in 
the vertical direction, with the corresponding displacement vectors derived from 
horizontal and vertically encoded DENSE data at three different times in the cardiac 
cycle. The measured signal in the phase images is bound between the limits 
of {    }. The true phase is thus wrapped within this range and therefore phase 
unwrapping is required to obtain absolute displacement measurements. Using 
manually defined epicardial and endocardial contours and phase unwrapping methods 
presented in [27], the unwrapped phase images are obtained. Once the phase 
unwrapping algorithm has been implemented, the corresponding displacement field is 




















Figure 2.9: (a) Cine DENSE magnitude-reconstructed images at early systole (top), mid 
systole (middle) and end systole (bottom). (b) Corresponding phase reconstructed DENSE 
images encoded for motion in the vertical direction. (c) Unwrapped DENSE phase images 
after LV contouring and applying the phase unwrapping algorithm. Light pixels indicate 
motion to the right and dark pixels indicate motion to the left. (d) Corresponding DENSE 
displacement fields derived from unwrapped phase images encoded in both horizontal and 
vertical directions. 
 
To date, the majority of DENSE applications focus on 2D imaging of a single slice. 
Since the heart contracts and moves in a 3D manner, 3D volumetric information if 
preferred. Recently, a free-breathing navigator-gated 3D spiral cine DENSE sequence 
has been developed to quantify tissue motion and strain in three dimensions within the 
entire LV and RV in a single scan [4].   
 
The 3D sequence can be divided into three parts. During 2D DENSE data acquisition, 
in order to reduce respiratory motion artefacts, patients are asked to hold his / her 
breath during each scanning sequence. By contrast, the use of a navigator allows 
subjects to breathe freely during the scan while reducing respiratory motion artefacts 
by only using data acquired when the diaphragm is located within a predefined region. 














the sequence comprises of the navigator and fat suppression pulses. The navigator 
echo is run before the ECG trigger so as to not interfere with the displacement 
encoding module. A cross-pair navigator echo is implemented using two orthogonal 
slice selective 90º and 180º rf pulses. The slice orientations of each RF pulse must be 
accurate to prevent interference of the echo with the magnetization of the heart. 
Furthermore, a fat suppression pulse applied prior to the displacement encoding 
module reduces the contribution of fat to the displacement encoding magnetization. 
The second module is the displacement encoding module, which is implemented 
using balanced multi-point displacement encoding strategies. There are three 
advantages to multi-point encoding, namely equivalent phase noise in all directions, 
increased signal to noise ratio (SNR) for a fixed ke, and extension for signal 
averaging. Three-point phase cycling was used to suppress artefact generating echoes. 
A combination of CSPAMM and cosine and sine modulation methods was used. The 
displacement encoding module is followed by the spiral readout module, which 
samples k-space using an interleaved stack of spiral trajectories. Spiral readout 
increases SNR when compared to an echo-planar approach. A ramped flip angle was 
introduced in order to ensure an equalized SNR for all cardiac phases. Two 
disadvantages of 3D DENSE are lengthy scan times and the need to manually 
segment the myocardium, which restrict its application to the clinical environment. 
 
3D spiral cine DENSE offe s better spatial resolution and improved SNR over 
myocardial tagging and PC velocity encoding. While previous studies have been 
limited to the LV, analysis of the motion of the RV now becomes possible. A 3D 
segmentation algorithm is, however, required to reduce the lengthy segmentation time 
and provide a fully automated solution. In order to assess its ability to assist with the 
diagnosis and management of cardiac disease, DENSE requires application in 
diseased hearts. The present thesis presents some solutions to the analysis of 3D 
DENSE data, both in terms of RV analyses and an automated segmentation algorithm 
for the LV. 
 
The data used in Chapters 3 and 4 for the analysis and quantification of myocardial 














3D spiral cine DENSE sequence, providing a temporal resolution of 32 ms and spatial 
resolution of 2.8 × 2.8 × 10 mm
3
.  
2.6 Assessing myocardial mechanics using DENSE MRI 
A series of post processing steps are required for the analysis of DENSE MRI data. 
This includes: segmentation, phase unwrapping and displacement extraction, tissue 
tracking, temporal fitting, and strain calculation.  
 
Phase unwrapping uses spatiotemporal phase unwrapping methods described by 
Spottiswoode et al. that have been extended to 3D [27]. It is performed within a 
contoured region in order to remove phase aliasing. The phase data from the 3 
encoding directions are combined to create 3D Eulerian displacement fields. Figure 
2.10 illustrates contoured DENSE magnitude and unwrapped phase images and the 
corresponding 3D vector displacement fields during end systole for a single short axis 
slice. The accuracy, speed and robustness of the phase unwrapping depends on the 
accurate delineation of the myocardium from surrounding anatomical structures. 





















Figure 2.10: A single short axis slice of 3D cine DENSE data during mid systole. The data is 
shown with epicardial (red) and endocardial (blue) contours. (a) DENSE reconstructed 
magnitude image, (b, c, d) DENSE unwrapped phase images encoded for motion in the x, y, z 
directions, respectively. (e, f) In plane and through plane views of the corresponding 3D 
vector displacement field. Notice the direction of each vector towards the center of the image, 
illustrating contraction of the myocardium. 
Three dimensional imaging and tissue tracking techniques are required to accurately 
capture the highly complex 3D motion and contraction patterns of the heart. This will 
allow for appropriate 3D strain tensor calculations and representation of the fiber 
architecture of the heart wall, which can assist with diagnosis of diseases that are 
patchy in their manifestation, such as Arrythmogenic Right Ventricular 
Cardiomyopathy. 
2.6.1 Tissue tracking and temporal fitting 
Myocardial 3D tracking is necessary for volumetric strain analysis. Three dimensional 
tissue tracking using myocardial tagging involves images in both short and long axes. 
However, the spatial resolution is limited by both the tag spacing and the intersection 
between short-axis and long-axis data. The 3D motion is therefore often quantified 
with the use of 3D geometrical models of the LV and RV [28-30]. Using 3D DENSE, 
3D motion can be quantified without using geometrical models. 
 
In DENSE, the displacement of each voxel is encoded as a phase shift that has 














the cardiac cycle will reference the material position of the myocardium at the time of 
encoding (t0).  DENSE displacement vectors can be visualized as having their heads 
positioned at the centre of the myocardial voxel, while the tail originates from the 
reference position at the time of displacement encoding, which may or may not be at 
the centre of a voxel. Displacement fields allow for a direct and independent 
calculation of strain at each time frame. However, the use of these vectors as 
indicators of myocardial motion and deformation is limited as they provide a net 
measurement of displacement from t0, and not a frame-to-frame measurement. A 
method for calculating and acquiring the frame-to-frame motion trajectories of each 
voxel within the myocardium has been implemented for 2D DENSE. Motion 
trajectories are obtained as follows: If the centre of an arbitrary voxel within the 
myocardium is chosen at an end diastolic time frame, the three closest vectors to this 
point are identified. These vectors are depicted by the red vectors in Figure 2.11(a, b). 
Using the three chosen vectors, two dimensional distance-weighted linear 
interpolation is used to obtain an estimate of the displacement vector of the chosen 
voxel for this time frame. This is illustrated in Figure 2.11 by the blue vector. This is 
done at each time frame. The motion trajectory of the voxel is then calculated by 
subtracting the interpolated vector of successive frames from one another, thus 
providing the motion trajectory for the material point, as depicted in Figure 2.11(c). 
These trajectories are then used for the calculation of myocardial strain [27]. 
 
The 2D DENSE tracking method described above can be extended to 3D with certain 
modifications.  
 
Using slice following, Spottiswoode et al. incorporated 3D tissue tracking in 2D cine 
DENSE [31] in order to compensate for through plane motion. As the origin of each 
vector in the displacement field lie in the same imaging plane, similar methods as 
those described above were used. 
 
However, in 3D cine DENSE, displacement is encoded in both the through plane 
direction and in plane directions, resulting in 3D vector fields, where vector heads lie 
in the plane, while the corresponding vector tail is projecting from out of the image 














is required for tissue tracking, tracking the motion of voxels in a single slice requires 
inclusion of displacement vectors of multiple adjacent slices. Thus, when tracking 
voxels on each slice, the three closest neighbouring slices are used to interpolate each 
displacement vector. This method can be implemented for both the LV and RV. 
 
Figure 2.11: Tissue tracking illustration for 2D cine DENSE data. (a) Eulerian vector 
displacement field during systole. The blue vector tail depicts the material point of interest, 
and the three red vectors are the closest vectors at this frame that are used for interpolation. 
The blue vector is the interpolated vector. (b) A magnified view. (c) The motion trajectory for 
the chosen material point, calculated by subtracting interpolated vectors at successive time 
frames. 
 
The frame-to-frame trajectory obtained using tissue tracking is usually contaminated 
by image noise. In cine DENSE, the measured displacements are independent of 
cardiac phase, providing a framework suited to temporal fitting. The accuracy of a 
point’s position can therefore be improved by providing an estimate of its position at 
the preceding cardiac phase. This is accomplished by fitting curves to each of the 
spatial coordinate components as a function of time. 
 
The periodic and natural behaviour of cardiac motion suggests that a periodic 
descriptor should be used for the fit. Fourier basis functions (5
th
 order) have been 
shown to be suitable to describe cardiac motion [32]. In practice, it is common that 
not a full cardiac cycle be imaged. Therefore, the missing positions at the end of the 
fit are linearly interpolated back to the starting point. This has two disadvantages: 
firstly, if the unsampled portion is large, this can significantly affect the temporal fit 
and, secondly, the percentage corresponding to the sampled portion of the cardiac 














therefore used in order to avoid possible fitting errors, as well as due to its simplicity 
and robustness [27, 33]. Temporal fitting was done for each ordinate direction of each 
of the trajectories using a 10th order polynomial, which is analogous to a 5th Fourier 
basis function. Figure 2.12 illustrates the concept by applying 2D temporal fitting 
using 5
th
 order Fourier basis functions in order to smooth the motion trajectory. 
 
 
Figure 2.12: Motion trajectories of four different voxels. (a) Raw trajectories, (b) 
corresponding fitted trajectories. Image adapted from Xiaodong Zhong, PhD. 
2.6.2 Strain calculation 
Strain is a measure of contraction and / or expansion of a material at one point in time, 
relative to the material’s state at another point in time. Lagrangian strain is commonly 
reported in myocardial mechanics as it measures the deformation of the myocardium 
relative to end diastole.  
 
Calculating strain from the trajectories of the tracked myocardium offers various 
advantages. As the motion trajectories can be evaluated at any point in time, strain can 
be calculated at any desired temporal resolution. Furthermore, the myocardial 
deformation can be viewed and analysed at a pixel resolution throughout the cardiac 
cycle. A standard method of representing strain in cardiac MR is by producing strain-
time curves. Each curve presents the evolution of strain across the cardiac cycle 















The deformation gradient tensor F describes the state of the material post-
deformation. The tensor is derived from three co-planar vectors, given by Equation 
2.9. Consider a single trajectory position X = (x1, x2, x3) at some cardiac frame. 
Looking at trajectories around X, L = (x1 - 1, x2, x3), R = (x1 + 1, x2, x3), U =  (x1, x2 + 
1, x3), B = (x1, x2 - 1, x3), A = (x1, x2, x3 - 1) and P = (x1, x2, x3 + 1) correspond to 
trajectory points to the left, right, above, below, anterior and posterior of X, 
respectively. From these six points around X, any three co-planar vectors (V1, V2 and 
V3) can be formed, corresponding to either configuration UXRA, UXRP, UXLA, 
UXLP, DXRA, DXRP, DXLA and DXLP. These configurations are present for the 
majority of the pixels in the myocardium.  
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 ]   [      ] (2.9) 
where V1, V2 and V3 represent the pre-deformation vectors forming the columns of 
one matrix and V’1, V’2 and V’3 represent the corresponding post-deformation vectors 
and form the columns of another matrix. The “/” operator is a matrix right division.  
The deformation gradient tensor (F) is calculated using spatial derivatives, which is 
highly sensitive to noise. Furthermore, regions where there are fewer neighbouring 
points such as the ventricular septum or the basal and apical slices at the extremities, a 
further error can result from this approximation. It is worth noting that this error 
caused by points in alternate slices is higher, as the through plane resolution is greater 
than the in plane resolution. To reduce this error, a number of points can be chosen 
within a neighbourhood and F can be approximated using a linear least-squares 
approach. Alternatively, F can also be calculated using single value decomposition 
with similar methods that include N nearest available neighbour voxel positions. 
 
The Lagrangian finite strain tensor (E) describes the systolic deformation relative to 
end diastole. The principal strains (E1, E2 and E3) are defined by the eigenvalues 
corresponding to the strain tensor E. Each principal strain is associated with a 
corresponding principal direction along which the deformation occurs; this is 
described by the eigenvectors of the strain tensor E. The Lagrangian strain tensor can 
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(2.10) 
where T denotes the transpose operation and I is the identity matrix. The Lagrangian 
strain tensor is calculated for each vector configuration for each voxel (X).  
 
In cardiac MRI, the strain tensor is normally aligned to a coordinate system [12, 28] 
of which the axes are defined as radial, circumferential and longitudinal. The strain 
tensor E can be decomposed into first, second and third principal strains, which 
correspond to the axes of the coordinate system. Principal strain magnitudes are 
calculated using the eigenvalues of E and each principal strain direction is calculated 
using the eigenvectors of E.  
 
Cerqueira et al. described a standardized way of dividing the LV into anatomical 
segments in order to describe characteristics of the myocardium in different areas 
[34]. Currently, there is no standard for dividing the RV into anatomical segments, 
however, a method that uses anatomical landmarks is  proposed in Chapter 3. 
2.7 Measuring right ventricular mechanics 
A limited number of studies have characterised RV motion using MRI. These studies 
include techniques such as myocardial tagging, phase contrast velocity encoding, and 
DENSE MRI. As described above, the RV receives deoxygenated blood from the 
right atrium and pumps it to the pulmonary circulation for oxygenation. The RV 
shares the interventricular septum with the LV and as such, many diseases affecting 
the RV can inevitably affect the LV, and vice versa. A technique capable of 
quantifying abnormal RV kinematics could help diagnose the presence and severity of 
such diseases.  
 
Characterizing the kinematics of the RV is a challenging task due to its thin walls, 
complex geometry and irregular motion. There have been a few myocardial tagging 
studies that have successfully reconstructed and analysed the 3D motion of the RV 
[28, 30, 35]. Due to the thin wall of the RV, a limited number of tag lines fall on the 
RV wall so that both tag data and contour data have to be used to reconstruct the 3D 














reconstruction techniques using a biventricular finite element model. A local 
coordinate system is typically defined for the RV, thus allowing for displacement 
information to be acquired in the radial direction. Young et al. used similar methods 
to assess the RV mid-wall surface motion and strain by fitting a finite element model 
to the RV mid-wall surface [30]. Fayad et al. presented a model free 1D tangential 
surface strain in the longitudinal and circumferential directions [36].  
 
MR imaging of the RV relies heavily on endocardial and epicardial contours. PC 
velocity encoding MR imaging ensures high spatial and temporal resolution while 
measuring the velocity of the myocardium between demarcated contours [37].  
 
The pioneering paper by Aletras et al. demonstrated how DENSE provides a high 
density measure of myocardial displacement for both left and right ventricles in an 
intact canine heart for a single cardiac phase [2]. Wen et al. performed a study on 
displacement encoded data in order to determine the effects of two adaptive post 
processing techniques, namely phase unwrapping and noise suppression [38]. While 
epicardial and endocardial contours were drawn for the LV, only a mid-line contour 
was drawn for the RV due to its thin myocardial wall. Circumferential strain was 
calculated and assessed. There are no comprehensive studies of the RV using DENSE. 
In the analysis of LV-RV inter ventricular dyssynchrony, methods to study the RV 
using 2D cine DENSE have been introduced [39]. 
2.8 Myocardial Segmentation 
In MRI, the demarcation of myocardium using epicardial and endocardial borders is 
essential for the analysis of regional cardiac displacement and strain. Segmentation of 
cardiac images is a complex problem as the heart is a non-rigid moving organ, which 
is in turn being displaced by respiratory motion. Furthermore, the heart illustrates 
fewer anatomical landmarks when compared to other organs (such as the brain), 
making the task even more challenging. 
 
The anatomical nature of the heart and signal limitations of MRI makes it difficult to 
distinguish the myocardial boundaries. Currently, in cine DENSE MRI and most other 














whereby the user manually demarcates the ventricles from surrounding structures. The 
accuracy of this method is left to the user’s interpretation, making the process prone to 
inconsistencies and incredibly time consuming.  Computer aided segmentation has the 
potential to offer more time efficient and accurate results when compared to manual 
segmentation. Extensive research has therefore been allocated to formulating various 
semi-automated and automated methods for segmenting the myocardium in medical 
images.  
 
There are a number of segmentation methods that can be implemented to accurately 
delineate the myocardium from surrounding structures. Methods include thresholding, 
classifiers, clustering, random field models, and deformable models. Each technique, 
however, is most effective under certain conditions and for specific imaging 
techniques. Current segmentation techniques struggle to delineate accurate myocardial 
boundaries in a fully automated manner due to poor image quality, lack of clear 
delineation between myocardium and surrounding structures, and the complex shape 
and motion of the heart [40]. 
 
Active contour models (snakes) introduced by Kass et al. (1988) have been used 
widely in cardiac segmentation [41]. Snakes are deformable contours moving within 
certain deformation constraints and under the influence of the image forces. Image 
forces typically include the image gradient which pushes the contour towards the high 
contrast boundary of the image, resulting in boundary tracking. A number of modified 
active contour models have been created in order to obtain more accurate and stable 
results [40, 42, 43]. Rueckert and Burger proposed geometrical templates where the 
deformation is controlled by an energy function [44]. The function is based on non-
affine deformation of the template from its equilibrium shape based on prior shape 
information. Cho and Benkeser demonstrate how active contour models use encoded 
motion information images to derive external forces. Here, they implement a tensor 
based orientation gradient force (OGF) that uses the bidirectional velocity images 
from PC MRI to differentiate between myocardial motion and blood flow [40].  
 
The first fully automated segmentation algorithm for tagged MRI was proposed by 














order to segment the myocardium [45]. Here the myocardium is delineated into three 
surfaces, two endocardial surfaces, one for each ventricle and a common epicardial 
surface for both ventricles. Each surface is initialized to an approximation of the 
required surface and then deforms under image forces to fit the image data. Young et 
al. proposed a semi-automated segmentation method for tagged MRI data, where a 
user defines the LV borders by placing guide points along the boundaries  [46]. 
Although it still requires user interaction, defining the boundaries with a single mouse 
‘click’ improves the accuracy and reduces the manual segmentation time required. 
Both methods by Montillo and Young employ finite element models.  
 
While there has been a number of segmentation algorithms developed for MRI, there 
has been little development of segmentation algorithms for cine DENSE MR images. 
Spottiswoode et al. presented a 2D semi-automated segmentation technique that uses 
the encoded motion of the myocardium to project a manually defined region of 
interest (ROI) through the cardiac cycle [47]. The method shows promise for the 
segmentation of DENSE MR data as it uses the inherent property of displacement 
encoding. The algorithm is, however, dependent on accurate phase unwrapping and 
displacement vector calculations [27]. Chen et al. presented a semi-automated method 
for the segmentation of 2D cine DENSE by introducing a segmentation model [48]. 
The model is divided into two steps, preparation and evolution. The preparation step 
includes image cropping and image processing for intensity standardization. The 
second / evolution step is driven by a minimization of the energy function. This was 
based on work by Pluempitiwiriyawej et al. to present novel active contour 
segmentation methods [49]. 
 
The time consuming and laborious process of manual LV demarcation limits imaging 
techniques such as DENSE from being routinely employed in clinical practice. It 
would therefore be beneficial if an accurate and reliable myocardial segmentation 
algorithm could be developed to assist medical practitioners in their understanding of 

















Mapping Right Ventricular Myocardial 
Mechanics using 3D cine DENSE MRI 
Daniel A. Auger, Xiaodong Zhong, Frederick H. Epstein, Bruce S. Spottiswoode 
Abstract  
The mechanics of the right ventricle (RV) are not well understood as studies of the 
RV have been limited. This is, in part, due to the RV’s thin wall, asymmetric 
geometry and irregular motion. However, the RV plays an important role in 
cardiovascular function. This study aims to describe the complex mechanics of the 
healthy RV using three dimensional (3D) cine displacement encoding with stimulated 
echoes (DENSE) MRI. Whole heart 3D cine DENSE data were acquired from five 
healthy volunteers. Tailored post processing algorithms for RV mid-wall tissue 
tracking and strain estimation are presented. A method for sub-dividing the RV into 
four regions according to anatomical land marks is proposed, and the temporal 
evolution of strain was assessed in these regions. The 3D cine DENSE tissue tracking 
methods successfully capture the motion and deformation of the RV at a high spatial 
resolution in all volunteers.  The regional Lagrangian peak surface strain and time to 
peak values correspond with previous studies using tagged and strain encoded MRI. 
The inflow region consistently displays lower peak strains than the apical and outflow 
regions, and the time-to-peak strains suggest RV mechanical activation in the 
following order: inflow, outflow, mid, then apex. Model-free techniques have been 
developed to study the myocardial mechanics of the RV at a high spatial resolution 
using 3D cine DENSE MRI. The consistency of the regional RV strain patterns across 
healthy subjects is encouraging and the techniques may have clinical utility in 

















3.1 Background  
Right ventricular (RV) function may be impaired in a number of heart conditions, 
including myocardial infarction, congenital heart disease and cardiomyopathy [50]. 
The function of the RV may also be affected in diseases of the left ventricle (LV) 
where it is difficult to ignore the complex nature of ventricular interaction [51, 52].In 
the past, the importance of the LV in cardiac research has overshadowed the study of 
the RV.  This neglect is, in part, because the RV is difficult to image. The wall of the 
RV myocardium is thin (2-5 mm) when compared to that of the LV (7-11 mm) [51].  
Furthermore, the RV has a complex geometry, eccentric motion [28, 50] and it is 
heavily trabeculated, thus it does not offer the clearly defined endocardial margins 
typically seen in the LV.  
Various MRI studies have assessed properties such as strain, motion and volumes of 
the RV. The MRI techniques used include turbo gradient echo and steady state free 
precession (SSFP) [53], myocardial tagging [28, 30, 35],phase contrast velocity 
encoding [37] and strain encoded (SENC) MRI [54]. 
 
The standard cardiac imaging planes are based on the relatively uncomplicated 
geometry of the LV. However, no standardized localization exists for the RV. Two 
dimensional strain estimates of the LV are reliable in short axis views because the 
through plane motion is relatively uniform [55]. This does not apply to the RV 
because of its complex shape and motion, so 2D imaging may be insufficient to 
accurately assess strain in the RV [28]. To date, no detailed studies of the RV have 
been presented using displacement encoding with stimulated echoes (DENSE) MRI.  
 
 DENSE is a quantitative MRI technique used for measuring myocardial displacement 
and strain. DENSE encodes tissue displacement directly into the image phase 
(typically with reference to end diastole), thus allowing for the extraction of motion 
data at a pixel resolution [2, 3]. A recently developed free breathing 3D cine DENSE 
sequence [4] is well suited for quantifying the complex behavior of the RV. A high 
signal to noise ratio (SNR), which is necessary for imaging the thin RV walls, is 














DENSE is inherently a black-blood technique, which together with fat suppression, 
provides a more accurate delineation of the RV walls.  
 
The purpose of this study was to develop tailored processing techniques for assessing 
detailed 3D RV motion and surface strain using cine DENSE, and to quantify these 
parameters for the healthy human heart. 
3.2 Materials and Methods 
3.2.1 Imaging protocol 
Whole heart 3D cine DENSE data were acquired from five healthy male volunteers 
(age range 21 – 45) on a 1.5T MRI scanner (Siemens MAGNETOM Avanto, 
Erlangen, Germany) using a two-channel anterior body array coil and an eight-
channel spine array coil. 
The entire heart was imaged with the imaging volume aligned along the heart’s long 
axis and at a 2.8 × 2.8 × 10 mm
3
 spatial resolution and 32 ms temporal resolution. 
Fourteen 3D partitions were acquired. Displacement was encoded in three orthogonal 
directions and a spiral k-space trajectory was used with 6 interleaves per 3D partition. 
Images were acquired during a 20.5 ± 5.7 min scan time with prospective ECG gating 
and diaphragmatic navigator respiratory gating. Other imaging parameters include: 
field of view = 360 × 360 × 140 mm
3
, displacement encoding frequency ke = 0.06 
cycles/mm, ramped flip angle up to 20 degrees, TR = 16 ms, TE = 1.3 ms. Zero-
padding was used during image reconstruction to increase the 14 acquired 3D 
partitions to 28 partitions, reducing the through plane resolution to 5mm. All imaging 
was conducted after informed consent and in accordance with protocols approved by 
the University of Virginia Institutional Review Board. 
3.2.2 Post processing 
A number of tailored post processing steps were implemented to analyze the RV 
myocardial DENSE data. All software development was performed using MATLAB 















3.2.2.1 Contouring, phase unwrapping and tissue tracking 
Both the RV and LV myocardium was demarcated from surrounding structures by 
manually drawing each epicardial and endocardial contour on the reconstructed short-
axis DENSE magnitude images.  
Spatio-temporal phase unwrapping [27] was performed within the contoured area to 
remove phase aliasing, and the phase data from the three encoding directions were 
combined to create 3D Eulerian displacement fields. Figure 3.1 illustrates contoured 
cine DENSE magnitude and phase-unwrapped images and the corresponding 3D 
displacement fields for a single short-axis slice.  
 
Figure 3.1: A single short axis slice of the 3D cine DENSE data at mid systole. (a) DENSE 
magnitude image illustrating the myocardial mid-line for the RV (green dotted line). (b, c, d)  
DENSE unwrapped phase images encoded for motion in the x, y and z directions, 
respectively. (e) Corresponding 3D DENSE displacement field. Red lines correspond to 
epicardial surfaces and blue lines correspond to endocardial surfaces. 
There are typically too few transmural pixels spanning the RV to acquire a full 3D 
strain tensor, so we focused on assessing 2D strain at the RV mid-wall surface. The 
mid-line between epicardial and endocardial contours was used to produce tissue 
tracking seed points, which were spaced at pixel-distance intervals on the first cardiac 
phase. The mid-line contours were spatially smoothed within and across partitions 
using 4
th
 order polynomials fitting to ensure a continuous RV surface. An example of 














A 2D tissue tracking algorithm involving interpolation of the displacement fields [27] 
was directly extended to 3D for this application. The position of each mid-line point 
along its motion trajectory throughout the cardiac cycle was estimated using 3D 
distance weighted linear interpolation. The full 3D mid-line motion trajectories were 
calculated by subtracting the interpolated vectors of successive frames from one 
another. Prospective gating only allowed about 90 percent of the cardiac cycle to be 
imaged, therefore, temporal fitting was done for each ordinate direction of each of the 
trajectories using a 10
th
 order polynomial, as fifth order Fourier basis functions have 
been shown to sufficiently describe cardiac motion [32]. 
3.2.2.2 Lagrangian surface strain 
Lagrangian strain was calculated directly from the 3D motion trajectories and oriented 
tangential to the RV mid-line surface. Considering an arbitrary point on the mid-wall, 
the deformation gradient tensor F was calculated using two or four of the nearest 
neighboring mid-line points as follows   
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 ]    [      ] (3.1) 
where V1, V2 and V3 represent the pre-deformation vectors which are perpendicular to 
each other in 3D space as shown in Figure 3.2 and form the columns of one matrix, 
V`1, V`2 and V`3 represent the corresponding post-deformation vectors and form the 




















Figure 3.2: 2D Lagrangian surface strain estimation. (a) RV surface image with 
superimposed mid-line points (white dots) showing all partitions. All possible vector 
configurations are shown for a chosen point (C) using mid-line points (A)bove, (B)elow, to 
the (L)eft and to the (R)ight. (b, c) Pre- and post-deformation, respectively, for a single vector 
configuration. Strain for the chosen point C is calculated using the configuration of points 
above and to the right (ACR). V1 and V2 represent the co-planar vectors formed. V3 represents 
the orthogonal unit vector calculated from the cross product of V1 and V2. V`1 and V`2 
represent the corresponding post-deformation co-planar vectors, and V`3 is the cross product 
of V`1 and V`2. 
In practice, depending on the position of the mid-line point on the RV wall, each 
motion trajectory could have adjacent points to the right and/or left, and on partitions 
above and/or below. The deformation gradient tensor is therefore calculated for a 
minimum of two and a maximum of four co-planar vector configurations for each 
mid-line point. The case of two co-planar vector configuration is illustrated in Figure 
3.2 (b) and (c), and Equation 1 for simplicities. Orthogonal unit vectors (e.g. V3 and 
V`3) were created perpendicular to the RV surface using cross products of each set of 
co-planar vectors. The general case of four co-planar vector configuration is 
illustrated in Figure 3.2a, and Equation 1 can be extended straightforwardly to include 
the other co-planar vectors and orthogonal unit vectors so that F can be calculated 
more accurately in the statistical sense. Three dimensional Lagrangian strain was then 
calculated for each deformation gradient configuration as follows 
 
   
 
 
(     ) (3.2) 
were T denotes the transpose operation, and I represent the identity matrix. Note that 
this construction of a 3D tensor using a unit normal vector assumes that the cardiac 
tissue is non-compressible and has been implemented here to simplify the strain 
calculations. The 3D strain tensor was decomposed into its corresponding eigenvalues 














the orthogonal unit vector (E1) is aligned with the direction normal to the surface 
(radial) and is zero because of the aforementioned unit normal vector assumption. The 
remaining two eigenvalues (E2 and E3) provide an estimate of the 2D tangential 
surface strain.  The eigenvalues E2 and E3 are of similar magnitude, and there are 
regional differences in the myofiber (and eigenvector) orientation across the RV 
surface, so we were unable to discern between E2 and E3. The results of the surface 
strain analysis are thus presented as a mean Lagrangian 2D principal strain. It has 
been shown that tangential strain in the circumferential and longitudinal directions are 
good indicators of LV dyssynchrony [56]. In order to infer details about the strain 
directions in the RV, one dimensional (1D) strains were calculated in the longitudinal 
and circumferential directions in the same manner as usually done for the LV, and 
relative to the orientation of the LV. Each 1D strain was calculated from the motion 
trajectories by only considering points above and below (longitudinal) or to the left 
and right (circumferential) of each mid-line point.  
3.2.2.3 Anatomical sub-divisions for strain-time analyses 
Unlike the LV, there is currently no standard method for dividing the RV into 
anatomical sub-regions. Previous studies of the RV using myocardial tagging adopted 
different conventions for sub-dividing the RV.  
 
Klein et al. divides each RV basal, mid and apical short axis slice into three regions: 
superior, mid and inferior [57]. Haber et al. divided the RV into four regions 
according to anatomical landmarks. The parietal and septal bands were used to 
demarcate the outflow region, while the free wall was  identified based on the 
normalized height of the septum in a long axis view [28]. Fayad et al. divides the RV 
using the supraventricular crest (SC), moderator band, papillary muscles and the 
tricuspid valve as landmarks, creating four distinct regions: the inflow, outflow, mid 
and apical regions [36].  
 
We propose dividing the RV surface in a similar manner to Fayad et al. These regions 
are illustrated in Figure 3.3. The divisions were defined by navigating through the 3D 
















Coordinate 1: The SC is an accentuation of the muscular wall demarcating the inflow 
and outflow tracts within the RV. Navigate from apex to base along the short axis 
magnitude images until the SC appears in the image. The first coordinate is marked on 
the RV free wall at the level of and adjacent to the SC.  
 
Coordinates 2 and 3: The moderator band is a muscular band connecting the 
interventricular septum to the anterior papillary muscle of the tricuspid valve. 
Navigate from base to apex along the short axis magnitude images and define the slice 
where the moderator band becomes evident as a segment of myocardium crossing the 
RV cavity. The second and third coordinates are defined as the anterior and inferior 
RV-LV insertion points at this level, respectively.  
 
Figure 3.3: Right ventricular regional divisions. (a) Long axis view showing the level of the 
SC (top red dotted line) and moderator band (bottom red dotted line). (b) RV surface showing 
the four anatomical regions. (c, d) Short axis view corresponding to the partitions at the level 
of the SC and moderator band, respectively. The white and yellow arrows show the SC and 
moderator band, respectively. 
The apical RV region is defined as the myocardium lying apical to the slice identified 
by the moderator band. The inflow, mid and outflow RV regions are defined using 
two planes defined by the SC and the RV-LV insertion points. The first plane is 
defined by the SC and the anterior RV-LV insertion point, while the second plane is 














The strain values (2D and 1D Lagrangian) were averaged in each of the 4 segments 
and assessed as through the duration of the cardiac cycle for all 5 volunteers. 
3.3 Results  
The frame-to-frame 3D mid-line motion trajectories for both the LV and RV are 
illustrated in Figure 3.4. The red and blue colours represent the positions along the 
motion trajectories for the RV and LV, respectively. The evolution of displacement 
during the cardiac cycle can be appreciated in detail, and the large range of motion of 
the RV compared to the LV is evident. 
 
Figure 3.4: 3D mid-line motion trajectories. (a, b) show the RV (red) and LV (blue) positions 
during end diastole and end systole, respectively. (c, d and e) represent the motion trajectories 
for the respective myocardial slices 1,2 and 3. 
The regional mean RV mid-wall strain-time curves for the five volunteers are plotted in 
Figures 3.5 and 3.6. Figure 3.5 shows the mean of the principal strains E2 and E3, while the 
1D tangential circumferential and longitudinal strain are shown in Figure 3.6. The data are 
represented as mean ± one standard deviation. A summary of the maximum strain and the 

















Figure 3.5: Mean principal 2D Lagrangian regional RV surface strain time curves for 5 
normal volunteers. Data shown as strain vs. time (ms). 
All strain values are consistently negative, indicating muscle shortening or 
contraction, and the longitudinal shortening is greater for all regions when compared 
to circumferential shortening.  
The inflow region has the lowest peak strain value of all the regions, while the 
outflow region generally reaches the highest peak strain. However, Figure 3.6 
illustrates that during tangential shortening in the circumferential direction, the apical 
region tends to have a slightly greater strain than the outflow region. Good 
consistency between the patterns of strain evolution is shown for the various strain 
estimates in Figures 3.5 and 3.6. The four regions each arrive at a maximum strain at 
slightly different time points in the cardiac cycle. The time sequence of regional 

























Time to peak (ms) 
1D Circumferential    
Inflow -0.10 ± 0.04 224 
Outflow -0.15 ± 0.05 256 
Apex -0.17 ± 0.06 320 
Mid Region -0.16 ± 0.06 320 
1D Longitudinal   
Inflow -0.16 ± 0.06 256 
Outflow -0.22 ± 0.08 288 
Apex -0.20 ± 0.07 352 
Mid Region -0.18 ± 0.06 288 
Mean principal strain   
Inflow -0.12 ± 0.05 224 
Outflow -0.18 ± 0.07 256 
Apex -0.17 ± 0.06 320 















     
 
Figure 3.6: 1D Lagrangian regional RV surface strain time curves for 5 normal volunteers.  
Figure 3.7 demonstrates 3D DENSE bi-ventricular mid-wall tissue tracking in two 
views for one volunteer during end diastole, mid systole and end systole, with the 
















Figure 3.7: Tissue tracking and mid-wall strain. LV and RV mid-line images representing 
mean principal 2D Lagrangian surface strain in two views. (a, d) End diastole, (b, e) mid 
systole and (c, f) end systole. The dots represent the motion trajectory positions, while color 
represents mean principal strain.   
3.4 Discussion  
This paper introduces post processing algorithms developed for 3D tissue tracking and 
strain analysis of the RV from 3D cine DENSE data.  Unlike previous studies of 3D 
RV motion using tagging [28, 30]; no models were used to describe the underlying 
data. Furthermore, no spatial smoothing was applied to the data, and the only form of 
filtering was the temporal polynomial fitting applied to the mid-line motion 
trajectories. This temporal fitting provides a more realistic trajectory behavior and 
allows for motion to be estimated at any temporal resolution.  
Both the peak strain and the time-to-peak strain were found to vary in each RV 
region. The inflow region consistently demonstrated lower strains and early strain 
peak times, while the apex consistently showed larger strain values and later peak 
times.  Some variation does exist in the outflow region when comparing the different 
strain calculation types.  
As there is no current standard for dividing the RV, it is difficult to make a direct 
comparison with results from previous studies. In general, however, the magnitude of 














using myocardial tagging and SENC. From our study the peak mean principal strains 
values in the apical, mid and outflow regions are -0.17, -0.16 and -0.18, respectively. 
These values are similar to the corresponding values of -0.17, -0.19 and -0.22 reported 
in a tagging study by Haber et al. [28].  
In the SENC study by Hamdan et al.[54], they show longitudinal strains to be largest 
at the base, with a lower strain at the apex, and the lowest strain in the mid region. For 
circumferential strain they show the largest strain at the apex, with a lower strain in 
the mid and basal regions.  These regional strain comparisons show excellent 
agreement with those presented in Table 3.1. In our results, during longitudinal 
contraction, the largest strain is found in the outflow region (basal), followed by the 
apical and mid regions, while circumferential strain in the apical region is larger, 
followed by the mid and outflow (basal) regions.  
The 1D peak longitudinal strains in Table 3.1 area all larger than the corresponding 
1D peak circumferential and mean principal strains, a result confirmed in tagging 
studies by both Haber et al [28] and Fayad et al. [36]. Fayad et al., who used a very 
similar method to ours for sub-dividing the RV,  found regional peak circumferential 
strains to range from largest to smallest in the following order: apical, mid, inflow and 
outflow. For peak longitudinal strains the corresponding order was: outflow, inflow, 
apical and mid regions. The peak strain values in Table 3.1 also correlate well with 
the segmental shortening presented by Fayad et al., except for the inflow region where 
our values are consistently lower.  
Limitations of this study include a lengthy scan time, the need for manual contouring, 
and the difficulty to discern between the minimum and intermediate principal strains. 
A reduction in the scan time could be accomplished by incorporating parallel imaging 
and/or outer volume suppression. The time taken to contour the images may be 
considerably reduced with the extension of previous work on motion guided 
segmentation for 2D cine DENSE images [47]. Even with the use of the eigenvectors, 
discerning between the two principal strains was not possible. A geometric or finite 
element model of the RV could solve this problem, whereby the equivalent of an RLC 














The 2D surface strain estimates are expected to have a lower accuracy in the through 
plane direction because the through plane image resolution is lower than the 
resolution. This should lead to a less accurate representation of strain in the 
longitudinal direction compared to the circumferential direction, but this is not evident 
in the standard deviation curves in Figure 3.6. 
An inherent limitation of DENSE is the reduction in SNR associated with the 
stimulated echo. The SNR was typically sufficient to clearly identify the RV because 
of the short echo times associated with the spiral readout. However, signal loss due to 
through plane dephasing is particularly pronounced in the RV because of its large 
through plane strain [27]. This reduction in SNR was evident in a few instances, and 
these data had to be excluded from the analyses. For future work on the RV, this 
through plane dephasing could be minimized by lowering the displacement encoding 
frequency, but at the expense of displacement sensitivity. 
3.5 Conclusions  
Three dimensional cine DENSE is a promising technique for assessing RV 
mechanics. The methods presented here enable the motion and deformation of the 
entire RV to be captured at a pixel resolution. The RV strain measured by 3D cine 
DENSE is comparable to that of previous studies using tagging and SENC.  
We further describe a method for dividing RV into regions according to anatomical 
land marks. The measured temporal strain evolution in the proposed RV anatomical 
sub-divisions indicates that these regions may also be functionally distinct. Future 
work will involve applying these techniques to studying variations in regional RV 
function in various types of cardiac disease.  
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Semi-automated Left Ventricular Segmentation 
Based on a Guide Point Model Approach for 3D 
cine DENSE MRI 
DA. Auger, X. Zhong, FH. Epstein, EM. Meintjes, and BS Spottiswoode 
Abstract 
The most time consuming and limiting step in three dimensional (3D) cine 
displacement encoding with stimulated echoes (DENSE) MR image analysis is the 
demarcation of the left ventricle (LV) from its surrounding anatomical structures. The 
aim of this study is to implement a semi-automated segmentation algorithm for 3D 
cine DENSE MRI using a guide point model approach.  Whole heart 3D cine DENSE 
data were acquired from four healthy volunteers. A 3D mathematical model is fitted 
to guide points which were interactively placed along the LV borders at a single time 
frame. An algorithm is presented to robustly propagate LV epicardial and endocardial 
surfaces of the model using the displacement information encoded in the phase 
images of DENSE data. The resulting LV contours are compared to manually 
delineated contours. The segmentation algorithm offers a 10-fold reduction in the time 
required to identify LV epicardial and endocardial borders for a single 3D DENSE 
data set. The model-defined contours display a good correlation when compared to the 
corresponding manually defined contours. This is based on a measure of segmentation 
error on intra- and inter-observer spatial overlap variability. Mass and volume 
calculations at end diastole and end systole demonstrate good correlation between 
manual and model methods, showing no significant difference. Functional LV 
parameter results compare favorably, while similarity coefficients show a good 
reproducibility and accuracy when comparing the algorithm defined contours to 
manually defined contours. This is a significant step towards the automation of the 3D 
cine DENSE data analysis. 















Cardiac magnetic resonance (CMR) imaging techniques provide accurate and 
reproducible quantitative measurements of cardiac functional parameters for the 
diagnosis and treatment of cardiovascular disease. Techniques include balanced 
steady state free precession (SSFP) for morphological cine imaging [58, 59], 
myocardial tagging for intra-myocardial strain analysis [10, 60] and phase contrast 
velocity encoding for tissue velocity and strain rate imaging [17, 61]. Each technique 
plays a vital role in quantifying myocardial function, however, each consists of 
inherent limitations. Myocardial tagging has relatively low spatial resolution for the 
resultant strain maps, and the image analysis of tagging data is time consuming. PC 
velocity encoding suffers from errors accumulated across cardiac phases, and 
complicated tracking and integral algorithms have to be applied to correct these errors 
to calculate strain rate. Both MR imaging modalities suffer from low blood-
myocardium image contrast. Balanced SSFP is an imaging technique that consists of 
high signal efficiency and is characterized by a strong blood-myocardium contrast. 
SSFP is used to quantify global parameters such as ejection fraction and mass, 
however, SSFP endures off resonance effects. A commonality between all techniques 
lies in the essential step of demarcating the left ventricle (LV) from surrounding 
structures during CMR image analysis. However, the anatomical nature of the heart 
and limitations in MRI techniques can make it difficult to distinguish LV boundaries. 
Extensive research has been dedicated to formulating various semi-automated and 
automated methods for segmenting the myocardium in MR images. In myocardial 
tagging, segmentation methods include deformable models [42, 43] and a 
combinations of active contours and region based segmentation techniques [45]. 
Guttman et al. used a dynamic programming method based on a minimum cost 
algorithm [62], while Alatter et al. incorporated a region growing algorithm [63]. A 
model based approach is often used in the analysis of LV function and segmentation. 
Montillo et al. and Young et al. described fully automated and semi-automated 
segmentation methods [46, 64], respectively, using an LV finite element model. In PC 
velocity encoding MRI, active contour models and the velocity phase data are used to 
distinguish between myocardium and blood [40]. Kainmüller et al. introduced a 














SSFP segmentation techniques mostly incorporate image processing methods, which 
include thresholding, edge detection, mathematical morphology, and image filtering 
[66]. Prior geometric and spatiotemporal information methods are described in [67, 
68].  
 
Displacement encoding with stimulated echoes (DENSE) is an MRI technique well 
suited to quantifying regional functional parameters of the heart. This dark blood 
imaging technique provides regional myocardial displacement and strain 
measurements. The tissue displacement is encoded directly into the phase of the 
stimulated echo (typically with reference to end diastole), allowing for the extraction 
of motion and strain data at a pixel resolution [2, 3]. DENSE benefits from the 
advantages of both myocardial tagging and PC velocity encoding, and is capable of 
measuring large displacements over reasonable periods of time at a high spatial 
resolution. A free-breathing navigator-gated 3D spiral cine DENSE sequence has been 
developed to quantify tissue motion and strain within the entire LV in a single scan 
[4]. Like the other methods, DENSE ventricular analysis requires LV myocardial 
segmentation from surrounding structures. However, there are fewer LV segmentation 
algorithms for DENSE data analysis. Spottiswoode et el. presented a 2D semi-
automatic segmentation algorithm guided by the phase information inherent in the 
DENSE data  [47]. Chen et al. further described a method to segment myocardial 
contours using image intensity standardization and model evolution techniques [48]. 
However, to date, the segmentation processes in most reported studies were usually 
performed manually by an experienced user [4, 33]. A 3D cine DENSE data set 
typically comprises over 600 epicardial and endocardial LV contours, which would 
take an experienced user between 1 and 2 hours to demarcate. The clinical 
implementation of this technique is therefore limited by this necessary but 
prohibitively time consuming step.  
 
The purpose of this study was to develop a tailored semi-automated segmentation 
algorithm for 3D cine DENSE MRI. This algorithm is largely based on the DENSE 
phase images, allowing 3D tissue tracking methods and an LV finite element model to 














4.2 Materials and Methods 
4.2.1 Data acquisition 
3D cine DENSE data of the whole heart was acquired for four healthy male 
volunteers (age range 21 – 45) on a 1.5T MRI scanner (Siemens MAGNETOM 
Avanto, Erlangen, Germany) using a six channel phased-array radio frequency (RF) 
coil. The entire heart was imaged in short axis slices at a 2.8 × 2.8 × 10 mm
3
 spatial 
resolution and 32 ms temporal resolution. Fourteen 3D partitions were acquired. 
Displacement was encoded in three orthogonal directions. Images were acquired 
during a 20.5 ± 5.7 min scan with prospective ECG cardiac gating and diaphragmatic 
navigator respiratory gating. Other imaging parameters include: field of view = 360 × 
360 × 140 mm
3
, displacement encoding frequency ke = 0.06 cycles/mm, ramped flip 
angle up to 20 degrees, TR = 16 ms, TE = 1.3 ms. Zero-padding was used during 
image reconstruction to increase the 14 acquired 3D partitions to 28 partitions, 
reducing the through plane resolution to 5mm. A spiral readout was used with 6 
spatial interleaves per partition. All imaging was conducted with informed consent 
and IRB approval. 
4.2.2 Image analysis 
Each step in the segmentation algorithm is described below, while a summary of the 
algorithm is shown in Figure 4.1. All software development was performed using 
MATLAB (The Mathworks, Natick, MA). All computation was completed on an 














































Figure 4.1: Image processing and model propagation. Flow diagram shows each step from 
image processing, definition of guide points, and model propagation through the cardiac 
cycle, required for the segmentation algorithm. 
4.2.2.1 Phase unwrapping and estimation of displacement fields  
Spatio-temporal phase unwrapping [27] was performed in order to remove phase 
aliasing and acquire the absolute displacement measurements. The phase data from 
each of the three encoding directions were combined to create 3D Eulerian 
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unwrapped phase images in three orthogonal directions, with the corresponding 3D 
displacement field (view from above) for a single short-axis slice. The LV 
displacement vectors are evident as continuity in the image, illustrating the 
contracting motion of the LV, as the displacement vectors are pointing towards the 
center of the LV. In contrast, displacement vectors describing the surrounding tissue 
such as the liver are coherent in a single direction, while the lungs and blood are 
represented by randomly scaled and oriented vectors.  
 
 
Figure 4.2: A single short axis slice of the 3D cine DENSE data during systole. (a) DENSE 
magnitude image, (b, c, d) DENSE phase images after applying spatiotemporal phase 
unwrapping without predefined contours, encoded for motion in the x, y and z directions, 
respectively. (e) Corresponding 3D DENSE displacement field derived (view from above). 
4.2.2.2 Initializing epicardial and endocardial surfaces 
A 3D finite element model of the LV was employed to create each epicardial and 
endocardial surface separately [69, 70]. Each surface is manually initialized at a single 
time point by defining 3 sets of coordinates. First, the user defines points along the 
corresponding border at the most apical and the most basal slice. The last coordinate 
required corresponds to the position of the mid LV – mid septum. The surface is then 
defined by interactively placing guide points along the respective boundary in a 
Cartesian coordinate system. This is done on the DENSE magnitude images of all the 
slices at any single cardiac time point (tn) where the LV myocardium is easily 
distinguishable from the surrounding structures. Each 3D surface point is transformed  














coordinates provide a convenient representation of the LV geometry, and further 
facilitate surface calculations in a deforming LV.  Figure 4.3 illustrates the user 
defined guide points placed at three different short axis slices (apical, mid and basal) 
at each LV boundary during a systolic cardiac time frame. During initialization, each 
surface consists of a number of parameters which can affect the accuracy of the 
model. These parameters include the number of user defined guide points, the 
magnitude of the smoothing weight constraints, and the model mesh size which is 
dependent on the number of elements. In this work, we define a set of initial model 
parameters using 8 guide points to define each surface, yielding an ellipsoidal mesh 
composed of 32 bicubic Hermite elements (4 circumferential and 8 longitudinal). 
Each surface was defined at an early systolic time frame (tn), with smoothing weights 




 respectively. The ratio of the 
smoothing weights (α/β) penalizing bending and stretching of the fitted surface, is 
maintained at  0.5 [69, 70]. Hashima et al. describes the implementation of weight 
constraints and its effects [70].  
 
 
Figure 4.3: 3D DENSE magnitude images at (a) apex, (b) mid LV and (c) base. Each image 
shows 8 spatially placed user defined guide points (+) at the epicardial and endocardial 
boundaries, with the corresponding LV model defined epicardial (red) and endocardial (blue) 
contours. 
The model describes the complete 3D LV epicardial and endocardial surface at the 
cardiac frame, tn. Each surface is then sampled at the z-coordinate corresponding to 
the data slice in order to extract a set of initial 2D contours.  
4.2.2.3 Noise removal and tissue tracking 
In DENSE, the displacement vectors at all-time points in the cardiac cycle will 
reference the material position of the myocardium at the time of encoding. This 














contours derived from the user defined guide points, to be estimated at the first time 
frame (t1), where tissue tracking is initiated. Obtaining suitable motion trajectories 
from noisy displacement vector fields requires tissue tracking refining steps where 
unwanted vectors are excluded from tissue tracking.  
 
A spatial derivative function and a low signal-to-noise (SNR) filtering step were 
implemented in order to remove the effects of noisy vectors from the lungs and blood 
pools, and include vectors only corresponding to the LV myocardium in the tissue 
tracking methods. These two filters are implemented as follows: 
 
Combining the orthogonal spatial derivatives of the displacement fields at each 
cardiac time point creates a modulus deformation mask [47]. A threshold of 80% is 
used to exclude noisy vectors. This limit is well above  myocardial deformation 
values found in the healthy LV [12]. The spatial derivative for a single time point (tn) 
is given by Equation 1. 
 
 

























where   represents the spatial position in the image plane,   ̂,   ̂ and   ̂ represent the 
displacement vector components in the three orthogonal directions,  ,̂  ̂, and  ̂, 
respectively. 
 
An SNR filter is implemented in order to remove low SNR voxels surrounding the 
LV. The filter is based on the myocardial image intensity and the background noise. A 
region of background noise is identified by the user, and the myocardium intensity is 
defined by the tissue enclosed within first set of contours initiated at time tn at each 
slice, for all slices. The mean and standard deviation of the enclosed myocardium is 
calculated and voxels below two standard deviations are excluded.  
 
The modulus deformation mask is applied prior to tracking where the majority of 
unwanted vectors are removed. The SNR filter is then applied to further exclude any 















Previous DENSE tracking algorithms describe the interpolation of vector 
displacement fields for tissue tracking through the cardiac cycle [27, 33]. This work 
implements a similar tracking algorithm, where the position of each tissue tracking 
point along its motion trajectory was estimated using 3D distance weighted linear 
interpolation, using the entire 3D displacement vector volume. Trajectories are further 
improved by applying temporal fitting for each ordinate direction of each of the 
trajectories using a 10
th
 order polynomial [4].  
 
Using 3D motion trajectories, each user defined guide point can be propagated to 
successive cardiac frames. The time direction in which this is done is irrelevant.  
4.2.2.4 Guide point propagation 
The position of the guide points at all time frames in the cardiac cycle can be 
estimated using the closest myocardial motion trajectory to each guide point. A 
refinement step is necessary to ensure that the guide point position accurately 
coincides with the border of the myocardium. This is achieved using a separate series 
of images, which are created by representing each trajectory position at each frame by 
a 3D Gaussian function with an integrated intensity of unity. The contribution from all 
tracked points is added to create a combined Gaussian image at each time frame.  As 
each guide point is propagated across the cardiac cycle, its position is refined by 
moving the point along the intensity gradient of the combined Gaussian image 
towards the endocardial / epicardial boundary until a value of 0.5 is reached. A 
Gaussian standard deviation of 1.25 was used for the in plane x and y directions, 
while a standard deviation of 1.5 was used in the z direction allowing for an 
ellipsoidal distribution. This was found suitable as the slice thickness dimension is 
greater than the in plane resolution. If the standard deviation is set too low, there is a 
pixelated effect in the Gaussian image where the distribution is unequal, while if the 
standard deviation is set too high the distribution is expanded and the LV dimensions 
are shown to be much larger, similar to the effect described in [47]. 
4.2.2.5 Experimental validation 
In order to quantify the voxel-based accuracy of the segmentation results, all four 3D 














diastolic volume (EDV) and end systolic (ESV) volume were calculated from both 
user defined and semi-automated contours using Simpson’s rule [71]. The LV stroke 
volume (SV) and ejection fraction (EF) were calculated as SV = EDV – ESV, and EF 
= (SV / EDV) × 100, respectively. The LV mass was calculated by LVmass = 1.05 × 
(epicardial volume – endocardial volume). The papillary muscles were excluded from 
both mass and volume calculations. The semi-automatic segmentation was completed 
for all four data sets using the above model parameters that were chosen based on 
visual assessment of accuracy. The following model parameters were then 
individually varied in order to determine the optimal parameters and how each can 
have an effect on the segmentation results: (1) the model was initialized during a late 
systolic time frame, as oppose to an early systolic time frame, (2) four user defined 
guide points defined each surface, as appose to the initial eight, (3) the smooth weight 









, respectively  and (4) the model mesh size was adjusted from 32 to 64 elements. A 
paired Student’s t-test and one-way analysis of variance (ANOVA) were used to 
assess statistical significance of volume and mass results; p < 0.05 was considered to 
indicate a statistical significant difference.  
 
In order to quantify the reproducibility and accuracy of the 2D contour geometry, 
three slices (apical, mid and basal) at end diastole and end systole were manually 
contoured by 2 separate operators (Operator A and Operator B). The corresponding 
semi-automated contours were validated against these manual contours by comparing 
the percentage of overlapping and discrepant voxels. This was done by calculating 
mean and union overlaps (Dice and Jaccard metrics) [72], as well as false positive and 
false negative errors. The Dice and Jaccard metrics represent the reproducibility and 
accuracy, respectively, based on the spatial overlap of the manual and semi-automated 
contours. A value of zero indicates no spatial overlap, while a value of 1 indicates 
complete perfect overlap. The Dice (D) and Jaccard (J) coefficients are calculated by 
D = 2( (Sr  Tr)  / Sr + Tr ) and J = ( (Sr  Tr)  / Sr   Tr ), respectively. Here, Sr is the 
region on the source image enclosed by the manual contour and Tr is the region on the  
target image enclosed by the semi-automated contour.   and   denote intersection 
and union, respectively. The false positive measure indicates the percentage of tissue 














percentage of myocardium missed by the algorithm. The false negative error is given 
by (Tr - (Sr   Tr)) / Sr and the false positive error is given by (Sr – (Sr  Tr)) / Sr.  
4.3 Results 
The complete semi-automated segmentation process takes approximately 8-15 
minutes per subject. The time is divided between the manual guide point placement 
(~5 minutes) and the computation time (~10 minutes). Figure 4.4(a, b) illustrates 
examples of epicardial and endocardial generated surfaces, where (a) represents a case 
where both surfaces were at an end diastolic time frame, and (b) represents a case 
where both surfaces were at end systole. 
 
 
Figure 4.4: Three dimensional LV model epicardial (red) and endocardial (blue) surface as a 
result of user defined guide points. Surface shown during, (a) end diastole, and (b) end 
systole. 
Figure 4.5 illustrates, for a selected short axis slice, the effects of the noise removal 
techniques used to discard unwanted displacement vectors.  These images show how 
each step removes randomly oriented and scaled vectors, while the vectors describing 















Figure 4.5: (a) LV-mid DENSE magnitude image during end systole, (b) corresponding 
vector displacement field without pre-defined contours, (c) vector displacement field after 
applying modulus deformation mask, showing removal of randomly orientated vectors 
predominantly in the blood pool, (d) vector displacement field after applying the SNR filter, 
further removing noisy vectors. Vectors incorporated in 3D tissue tracking. 
Figure 4.6 illustrates contoured data of a mid ventricular slice during end systole for 
varying model parameters: (a) corresponds to initializing the model during end 
systole, 8 guide points per slice, model mesh size of 32 elements and smoothing 
weight factor of α = 0.1×10
-1 
and β = 0.2×10
-1
, (b) corresponds to initializing the 
model during early systole, 4 guide points per slice, model mesh size of 32 elements 
and smoothing weight factor of α = 0.1×10
-1 
and β = 0.2×10
-1
, (c) corresponds to 
initializing the model during early systole, 8 guide points per slice, model mesh size of 
64 elements and smoothing weight factor of α = 0.1×10
-1 
and β = 0.2×10
-1
 and (d) 
corresponds to initializing the model during early systole, 8 guide points per slice, 
model mesh size of 32 elements and reduced smoothing weight factors of α = 0.1×10
-3 


















Figure 4.6: Segmentation results during end systole. Each image represents the results after 
varying an individual model parameter.  (a) Initialization of model during end systole as 
oppose to early systole, (b) decreased user guide points from 8 to 4 per short axis slice, (c) 
model mesh size is increased from 32 to 64 elements and (d) smoothing weight factors 









The EDV, ESV, SV, EF and mass values obtained in the volunteers for both manual 
and semi-automated contours are presented in Table 4.1. Table 4.1 also includes mass 
and volume results using the contours derived after varying model parameters. The 
data are presented as mean ± one standard deviation. Table 4.2 presents statistical 
analysis results from the student t-test and one-way ANOVA. The student t-test shows 
no statistical significance (p < 0.05) results between the manually drawn contours and 
the model derived contours with the chosen initial parameters. The ANOVA analysis 
compares the statistical variation between contours defined manually, contours 
according to chosen model parameters, and contours produced by a model with 
variations in the parameters. There is no statistical significance between each method. 
A summary of the Dice and Jaccard spatial overlap, false positive and false negative 
results between two observers and the model is given in Table 4.3. Table 4.4 shows 
the overlap correlation results between a single observer and the model, given 



















Table 4.1: Volume and mass calculations for operator defined contours, model contours with 
initial selected model parameters, and contours after varying individual model parameters. 
The initial model parameters consist of: 8 user defined guide points, 32 element model 
defined at early systole, with smoothing constraints of α = 0.1×10-1 and β = 0.2×10-1. 
Measure Operator A 
Initial model 
parameters  
Individual model parameter variation 




α = 0.1×10-3  
β = 0,2×10-3 
EDV (ml) 130.0±15.4 121.1±22.2 109.5±17.2 114.9±12.9 116.3±12.7 113.2±10.4 
ESV (ml) 58.4±10.2 57.7±9.2 53.9±6.5 58.3±5.8 54.9±7.2 61.1±2.8 
EF (%) 56.45±5.7 52.2±1.9 50.5±4.7 49.0±5.0 52.8±3.5 51.6±6.0 
SV 73.0±7.4 63.4±13.3 55.6±12.6 56.54±10.8 61.4±7.6 52.1±9.0 
Mass (g) 
(Diastole) 
139.1±7.9 145.6±13.8 141.8±9.8 148.0±16.0 140.6±6.4 148.0±19.0 
Mass (g) 
(Systole) 
146.5±6.2 146.7±9.5 140.1±24.0 138.5±18.3 141.2±13.9 143.9±19.7 
Table 4.2: Student T-test and ANOVA statistical variation test for mass and volume results in 
Table 4.1 (P < 0.05).  Table shows corresponding t-values with corresponding p-values, and 




Individual model parameter variation. ANOVA( df = 2,9) b* 





α = 0.1×10-3  
β = 0.2×10-3 
 t p F p F p F p F p 
EDV (ml) 0.66 0.54 1.24 0.34 0.77 0.49 0.65 0.55 1.02 0.40 
ESV (ml) 0.10 0.92 0.31 0.74 0.01 0.99 0.85 0.85 0.19 0.83 
EF (%) 1.42 0.24 1.97 0.20 2.73 0.12 1.32 0.31 1.16 0.36 
SV 1.27 0.26 2.33 0.15 2.35 0.15 1.60 0.25 4.18 0.05 
Mass (g) (Diastole) 0.82 0.45 0.37 0.70 0.51 0.62 0.48 0.64 0.41 0.67 
Mass (g) (Systole) 0.03 0.97 0.24 0.79 0.56 0.59 0.36 0.71 0.05 0.95 
a* = T-test, manual contours versus initial model parameters, p < 0.05 
b* = ANOVA, manual contours, initial model parameters and varying a single parameter at a time, p < 0.05 
Table 4.3: Spatial overlap results between contours defined by 2 separate operators (A and B) 
and the model derived contours. The model here used the initially defined parameters. 
Measure Operator A vs. Model Operator B vs. Model Operator A vs. B 
 




























































































Table 4.4: Contour overlap validation between a single operator and geometrical model with 
individual parameter variation.  
 
4 Guide points 64 Model elements 
Late systolic     
initialization 
α = 0.1×10-3  
β = 0,2×10-3 
 










































































































Figure 4.7 (a-i) illustrate the segmentation results during three stages of the cardiac 
cycle, at an apical, mid and basal slice. The results are based on the initial chosen 
model parameters.  Figure 4.7 (a, d and g) shows the algorithm’s ability to enclose 
myocardium during end diastole, where it is visually difficult to discern between the 
myocardium and blood pool. Furthermore, all images show the accurate propagation 
of each surface across the cardiac cycle, by enclosing the LV myocardium and the 
three distinct time frames. Based on a visual analysis by an experienced user, only 
125 out of a total of 2124 contours from all 4 data sets, or 5.6%, would require 


















Figure 4.7: Segmentation results according to the initial LV model parameters chosen: 8 user 
defined guide points, 32 element model defined at early systole, with smoothing constraints of 
α = 0.1×10-1 and β = 0.2×10-1.The results are shown at three separate cardiac time frames, at 
the LV apex, mid and base. 
4.4 Discussion 
This study presents a semi-automated LV segmentation algorithm for 3D cine DENSE 
MRI, using a guide point model approach. An LV finite element model has been used 
for segmentation with other 3D cardiac MRI studies [46, 73-75]. However, for 
previous work the model is typically manually initialized at each cardiac frame, 
whereas here the information inherent in the DENSE phase images provides the 
ability to propagate the model across the cardiac cycle. The use of guide points 
reduces the user interaction time to manually demarcate the LV. Furthermore, as the 
algorithm allows for the user to define guide points at any cardiac frame where the 
myocardium is clear and distinguishable, this reduces the risk of user input error. The 
model is sufficiently deformable to adhere to variations in LV shape, but smooth 














The time required to manually contour an entire 3D DENSE data set for an 
experienced user is approximately 1-2 hours, whereas this semi-automated algorithm 
reduces the process to approximately 15 minutes. This time could be further reduced 
by altering model parameters such as the number of guide points used and the mesh 
size, but at the expense of segmentation accuracy. Computation time can also be 
improved by implementing the algorithm in a more efficient coding language (such as 
C++), and upgrading the computer hardware specifications. 
 
As demonstrated by Figure 4.5, methods used to remove noisy vectors are shown to 
work appropriately, limiting the displacement fields predominantly to myocardial 
vectors. The spatial derivatives remove the majority of unwanted vectors by providing 
a deformation mask around the LV. As 3D spiral cine DENSE boasts a higher SNR 
than echo planar approaches [4] and a varying flip angle is used, an SNR threshold is 
appropriate to further remove unwanted vectors in the lungs and blood pools.  
Tissue tracking using a full 3D volumetric displacement field at each frame, will 
improve the tracking accuracy in the LV compared to 2D DENSE 
 
A number of CMR studies have reported on the normal ranges of LV mass and 
volume [46, 76-79], based on SSFP and gradient echo (GRE) cine imaging. Although 
the LV mass and volume calculations shown in Table 4.1 show a moderate agreement 
with the above studies, it is difficult to directly correlate volume and mass results. 
This may be attributed to the fact that this study only includes short axis data, while 
Alfakih et al., Hudsmith et al. and Maceira et al. all include long axis data in the 
analysis, thereby better incorporating the long axis movement of the basal parts of the 
LV [76, 78, 79]. In addition, according to Alfakih et al., age plays a vital role when 
determining normal LV physiological parameters. The age as well as the number of 
volunteers used in this study varies substantially when compared to the studies 
described above. However, the comparison between manual contours and the contours 
derived via the semi-automated algorithm is of greater relevance for this work.  
 
Table 4.1 displays all mass and volume calculations using the manually drawn 
contours and all model defined contours. The model defined contour results are 














results show there is a good agreement between all contouring methods. The EDV for 
the manual contours is slightly higher. This can be attributed to an underestimation of 
the algorithm’s endocardial contour towards the base of the LV, due to through plane 
motion not being accurately described by the relatively large slice thickness of the 3D 
DENSE data. However, the statistical analysis in Table 4.2 between these sets of 
results shows there is no significant difference between methods. In Table 4.2, the 
student t-test is performed to compare the hand drawn contours and the initial model 
parameter contours. The results show there is no significant difference between the 
two. Table 4.2 further displays one-way ANOVA results, between the manual 
contours and model contours with single parameter variation. The results show a good 
correlation between all contouring methods. This shows each model variation 
compared favorably to both manual contours and the initial contour model 
parameters. Each model variation comes with tradeoffs, which becomes apparent 
when looking at the spatial overlap results. 
 
Table 4.3 shows the results of the spatial overlap results in the form of Dice and 
Jaccard coefficients, and false positive and false negative overlap results. The results 
were compared between the contours drawn by two separate Operators (A and B), and 
the initial model parameter derived contours. According to Zou et al. [72], Dice and 
Jaccard coefficient value of 0.7 and above, indicates a good spatial overlap. All Dice 
and Jaccard coefficient results shown are well above 0.7, except for two 
measurements, 0.68±0.17 and 0.68±0.04 using a 64 element model and half the 
smoothing factor respectively. Both results correspond to the LV apex, where the 
myocardial contrast is lower and is the area with the greatest curvature.  
 
The highest Dice and Jaccard coefficient values were between Operator A and B, but 
the variations between each operator and the model were insignificant, implying a 
good spatial overlap agreement between manual contours from the two separate 
operators, and the model defined contours. A low false positive signifies a low 
percentage of tissue falsely identified as myocardium and a low false negative result 
signifies a low percentage of missed myocardium. Interestingly, the highest false 
positive values occurred between operator A and B, with values of 0.16 ± 0.07 and 














operators having inconsistent estimation of papillary muscles and the perimeter of the 
endocardium at the apex of the LV. Although the majority of the blood has been 
expelled, the contrast towards the LV apex is not always as clear as the contrast 
towards mid and basal slices. False negative results show higher values in the base 
and apex. At the apex, this could be attributed to the low LV contrast, while the 
propagation of guide points towards basal LV can produce underestimated epicardial 
contours due to the high displacement and motion at the base. 
 
As each guide point governs the direction and shape of the surface, using fewer guide 
points can result in the underestimation of the LV curvature. This is shown by the 
slightly higher false negative results in Table 4.4 when using four guide points to 
initialize each surface. However, the overall spatial overlap results in Table 4.3 show 
good correlation between the operator and the model. Using 4 guide points placed 
symmetrically around the LV in order to reduce computation time and user 
interaction, is therefore a reasonable adjustment, showing good correlation between 
results.  
 
Increasing the model mesh size will increase the computation time, and maintain a 
more uniform cylindrical surface. In Table 4.4, Dice and Jaccard coefficients show a 
good spatial overlap. The higher false negative value at the apex can be attributed to 
the model’s uniform shape therefore over estimating the endocardial border. This will 
also contribute towards the high myocardial mass estimates.  
 
The effect of initializing the segmentation process at late systole compared to early 
systole is summarized in Table 4.4, where a good spatial overlap, with low false 
positive values is seen. Slightly higher false negative values are found at the apex and 
base. The low LV contrast and through plane motion may account for these results, 
respectively. These results confirm that model initialization can be done at any time 
frame. 
 
Significantly reducing the smoothing constraints in the model is shown to negatively 
affect the segmentation results.  If a guide point is propagated incorrectly due to phase 














to Table 4.2, varying the smoothing had no significant effect on the SV, however, it 
does consist of the lowest p value of 0.05. A post-hoc test was carried out for the SV 
results, showing p = 0.01, when comparing the results with manually drawn contours 
and model contours with a reduced smoothing weight. A p-value of 0.22 is calculated 
between the hand drawn contours and the initial model contours with a higher 
smoothing weight. In order to maintain accurate contour results while lowering the 
smoothing constraints, one would have to increase the model mesh size and the 
number of user defined guide points. 
 
The results show how decreasing the smoothing factor affects the results, however, it 
is important to note, that if the smoothing factor is significantly increased, the 
smoother model will not be able to describe as many variations in heart morphology. 
The best model parameters to use in the segmentation based on accuracy, computation 
time and user required input are as follows; initialize the model at an early systolic 
frame using 8 guide points to define each surface, yielding an ellipsoidal mesh 
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Although an underestimation of the segmentation algorithm may not be clear in 
averaged regional strain calculations, it is important to maintain accurate delineation 
of the myocardial boundaries when assessing diseased myocardium. Thus, the 
complexity of the algorithm is required in order to approximate segmentation results 
to that of a manually segmented data set. 
 
There are a number of advantages to the semi-automatic segmentation method 
presented when compared to the current manual methods. The semi-automated 
technique offers minimal user interaction, a 10-fold reduction in total processing time, 
and reliable contouring at the first cardiac phase where it can be difficult to visually 
discern between blood and myocardium.  
 
By visually reviewing the segmentation results among all four data sets, only 5.6% of 















The method also consists of several limitations and potential sources for error; such as 
partial volume effects, phase unwrapping errors, and imperfect phase correction. The 
accuracy of the algorithm therefore fundamentally relies on correct displacement 
vector calculation, noisy displacement vector removal techniques and accurate tissue 
tracking. Towards the LV base, the thin myocardial walls, high longitudinal 
displacements and partial volume effects due to through plane dephasing can cause 
inaccurate displacement measurements, causing poor guide point propagation in these 
areas. The increase of the number of guide points can result in more accurate contours 
but at the expense of processing time and increased user interaction. However, by 
adjusting the model parameters accordingly, the work shows accurate segmentation 
results with good visual agreement. The model was conformed that good 
segmentation results could be achieved within the range of LV shapes encountered in 
this study.  
 
This work has only been tested on four data sets and future work can be used to 
validate the method using an increased number of healthy and diseased hearts, in 
order to produce more definitive conclusions. The technique could also be extended to 
the right ventricle (RV) with the incorporation of a RV geometrical model and a more 
robust phase unwrapping algorithm. By incorporating active contour models in the 
model design, the guide point pos tions can be further improved using the magnitude 
reconstructed data. 
4.5 Conclusion 
The guide point modelling approach to segment 3D cine DENSE data shows 
promising results, offering a significant reduction in the segmentation time required 
for a 3D data set.  
 
The methods presented here use motion trajectories to propagate a finite element 
model across the cardiac cycle, while adjusting to the geometrical shape of each 
epicardial and endocardial surface. LV mass and volumetric results show good 
correlation when compared to previous studies. The results further show no 
significant area-based differences between manually defined contours and the model 














model parameter variations can be used while still maintaining accurate LV 
segmentation.  
 
This work is a significant step towards the automation of 3D cine DENSE data 
analysis. 
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Ventricular Motion Analysis by Combining Long 
Axis and Short Axis 2D cine DENSE MRI and its 
Application to Cardiac Dyssynchrony  
Abstract  
The nature of motion and contraction of the ventricles impel a three dimensional (3D) 
analysis. However, in the absence of true 3D data, by combining results from 2D data in 
the longitudinal and circumferential directions, may allow for a more complete analysis 
of function in healthy and diseased cardiac tissue. Post processing techniques are 
presented for assessing right and left ventricular function and strain, using long and short 
axis cine displacement encoding with stimulated echoes (DENSE) data. Two-dimensional 
tissue tracking methods as well as tangential strain calculations are shown in the 
longitudinal and circumferential directions. Healthy volunteer data show regional strain 
that corresponds to previous 2D DENSE and myocardial tagging studies. Data of patients 
suffering from right and left bundle branch blocks were analyzed and the dyssynchrony 
quantified. In both healthy and diseased patients, both the long axis and short axis results 
correlate well with each other. These techniques are shown to be effective in identifying 





















Cardiovascular disease (CVD) remains a leading cause of death worldwide, accounting 
for 33.6% of deaths in the USA in 2007 [1]. A vast number of CVD’s can affect any 
region of the myocardium. One such example is cardiac dyssynchrony where cardiac 
electrical conduction problems result in dyssynchronous contraction and impaired cardiac 
function. Electrical dyssynchrony is the result of any blockage or delay in the electrical 
stimulus required for mechanical contraction. The complexity of myocardial contraction 
is, however, such that mechanical dyssynchrony can occur due to and be related to 
regional myocardial disorders, as opposed to a stimulation delay [80]. Cardiac 
resynchronization therapy (CRT) is a well-established therapy for patients suffering from 
cardiac dyssynchrony [81].  The current criteria for receiving CRT is a QRS complex 
measurement of 120 ms or higher, but 30-40% of patients do not benefit from therapy 
[82]. Accurate identification of prospective responders to CRT has been the major 
impetus for development of meaningful measures of mechanical dyssynchrony, which 
may be a better predictor of outcome than electrical criteria.   
 
Cardiovascular magnetic resonance (CMR) techniques are used to assess myocardial 
properties such as strain and motion, and global parameters such as volumes and ejection 
fraction. Helm et al. and Lardo et al. reviewed MRI methods for measuring mechanical 
dyssynchrony and the increasing role of cardiac MRI in selecting CRT responders [56, 
83]. Abraham et al. showed the advantages of MR techniques in acquiring strain in three 
orthogonal directions when analyzing myocardial deformation [80]. Leclercq et al. 
showed the importance of mechanical coordination in ventricular function, as mechanical 
synchrony is independent of electrical synchrony [84]. Zwanenberg et al. further showed 
in the healthy heart how mechanical activation follows electrical activation, so that 
mechanical asynchrony is a more appropriate parameter to select candidates for CRT 
treatment [85]. They introduced concepts such as time to onset of strain, which is directly 















Displacement encoding with stimulated echoes (DENSE) is a quantitative MR imaging 
technique for assessing regional myocardial displacement and strain [2, 3]. DENSE 
encodes tissue displacement directly into the phase of the stimulated echo (typically with 
reference to end diastole), allowing for extraction of motion and strain data at a pixel 
resolution. A recently developed navigator guided 3D cine DENSE sequence has been 
developed in order to quantify motion and strain in three dimensions within both 
ventricles in a single scan [4]. The sequence, however, requires a lengthy scan time so 
that it is not feasible to acquire full 3D patient data sets at this time.   
 
Previously, cardiac research has been predominantly focused on the left ventricle (LV), 
and the inclusion of the right ventricle (RV) has been limited. This is in part due to the 
RV’s thin myocardial wall, complex geometry and eccentric motion. However, a number 
of RV analysis techniques have been implemented in MR in order to quantify RV motion 
and strain. Wen et al. presented mean circumferential strain results using 2D cine DENSE 
data where the entire RV is represented as the free wall [38]. The strain was assessed 
based on the lengthening of the mid-wall RV contour. Using the RV mid-wall, healthy 
RV function has been quantified by Auger et al. using 3D cine DENSE data [33]. A 
number of myocardial tagging studies have also been completed that include RV analysis. 
Fayad et al. assessed RV and LV regional function using long and short axis myocardial 
tagging data [36], while Klein et al. focused primarily on the RV [57]. Young et al. and 
Haber et al. used 3D reconstructed geometrical models in order to analyze the 3D global 
function and local deformation of the RV using myocardial tagging [28, 30].  
 
As the function of the RV can be affected in diseases of the LV, and vice versa, it is 
difficult to ignore the complex ventricular interaction when assessing heart function [51, 
52]. In this work, methods are presented to quantify motion and strain in both ventricles 
using both long (LA) and short axis (SA) 2D cine DENSE MR data. We present a method 
to combine LA and SA data to provide an estimate of 3D function in order to fully assess 
ventricular motion in the absence of 3D cine DENSE data. The application of these 
methods to assess inter-ventricular dyssynchrony to distinguish healthy from diseased 















5.2.1 Imaging protocol 
Two dimensional echo planar imaging (EPI) cine DENSE data were acquired from a 
single healthy volunteer and three patients on a 1.5 T Siemens Avanto scanner (Siemens 
Medical Systems, Erlangen, Germany). A four-channel body phased array RF coil was 
used to image subjects in a long axis four chamber view and three short axis views 
(apical, mid and basal). The patient and healthy volunteer data presented were acquired at 
different times with slight variations in the imaging parameters. Pertinent imaging 
parameters were as follows: field of view = 350 × 252 -350 mm
2
, echo time = 11 – 17 ms 
with view sharing; repetition time = 17 – 20 ms; slice thickness = 8 mm; pixel size = 2.81 
 2.81 mm
2
; temporal resolution = 17 – 20 ms; displacement encoding frequency = 0.1 
cycles / mm. The strain results for the healthy and patient data were interpolated between 
different data sets in order to compensate for the small variation in temporal resolution.  
Prospective electrocardiogram gating was applied and only 85% of the cardiac cycle was 
imaged to account for beat-to-beat variations. Displacement was encoded in two 
orthogonal in plane directions and image reconstruction was performed online. All 
imaging was conducted after informed consent and in accordance with protocols 
approved by The University of Virginia Institutional Review Board. 
 
5.2.2 Image analysis 
The post processing of cine DENSE data typically includes tailored steps to analyze the 
myocardium. All software development was performed offline using custom code 
programmed in MATLAB (The Mathworks Inc., Natick, MA).  
5.2.2.1 Myocardial segmentation and phase unwrapping  
Quality guided path following phase unwrapping is typically applied for cine DENSE 
images [27, 31].  However, the thin-walled RV spans only 1 – 3 pixels and limits the 
reliability of the phase quality maps used to guide the path following. Robust phase 














contours for the RV and applying spatio-temporal quality guided path following phase 
unwrapping.  The phase data from the two encoding directions were combined to create 
2D Eulerian displacement fields. Apical SA data were excluded from analyses, as it was 
difficult to accurately define the RV myocardial borders. Figure 5.1 illustrates contoured 
cine DENSE magnitude and phase-unwrapped images in short axis (top) and long axis 
(bottom row) views, respectively, with corresponding 2D displacement fields. 
Figure 5.1: (a,e) Contoured DENSE magnitude images depicting mid-lines, (b,f) images phase 
encoded in x-direction, (c,g) images phase encoded in y-direction, and (d,h) corresponding vector 
displacement fields. All images are from an end systolic cardiac phase. 
5.2.2.2 Tissue tracking and strain calculation 
Due to the thin wall a d complex shape of the RV it is difficult to acquire a full 2D strain 
tensor. It is therefore proposed to measure a Lagrangian strain taken tangential (Ett) to the 
mid-wall. A contour mid-way between the epicardial and endocardial contours on the 
first frame (end diastole) was identified and pixel-spaced points along this contour were 
used as tissue tracking seed points. The mid-line points are shown in Figure 5.1(a, e). 
Two dimensional distance weighted linear interpolation of the nearest vector 
displacement fields around the seed points was used to determine displacement fields for 
the seed points and then compute frame-to-frame motion trajectories for the seed points 
using the method described previously [27]. As prospective gating only allowed 85% of 














previously to sufficiently describe cardiac motion [32], temporal fitting was done in each 
ordinate direction for each of the trajectories using a 10
th
 order polynomial. 
 
Lagrangian strain was calculated directly from the 2D motion trajectories. The strains are 
calculated in the longitudinal and circumferential directions from the long axis and short 
axis data, respectively. Considering an arbitrary point in the mid-wall pn, where n 
represents a position along the mid-line, the tangential strain is obtained from the two 
adjacent points. If the undeformed length, l0, is the distance between trajectory points pn-1 
and pn+1 at the time of displacement encoding (t=0), and the deformed length, lt is the 
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(5.1) 
 
Unlike the LV there is no standard method for dividing the RV into anatomical segments, 
in both 2D long and short axis MR data. Various methods for dividing the RV using 3D 
MRI data have been proposed [28, 33, 36]. Klein et al. proposed dividing the RV into 
three segments when using 2D data, namely, superior, mid and inferior walls [57]. 
However, in this paper, we propose dividing the short axis RV into two anatomical 
segments, where the anterior two-thirds of the mid-wall are classified as the RV free wall 
and the remaining third as the diaphragmatic RV. The long axis RV is divided into two 
segments, the basal and apical RV. The LV segments are divided according to [34]. 
Figure 5.2 illustrates the anatomical LV and RV segmental divisions. Due to poor SNR, 

















Figure 5.2: Myocardial segments for interventricular strain analysis for (a) short axis and (b) long 
axis data. 
5.3 Results 
Tangential strain maps and 2D ventricular motion for both the LV and RV for a healthy 
volunteer are illustrated in Figure 5.3. The contraction of ventricles is evident by the 
inward direction of the yellow displacement vectors, while the change in color represents 
the change in regional strain for long axis and short axis views, respectively. The 
evolution of displacement and strain can be appreciated during early systole, mid systole 
and end systole, respectively. 
 
Figure 5.4 represents the mid-wall Ett strain time curves for the different segments of the 
RV and LV for a healthy volunteer in the circumferential and longitudinal directions 
respectively. The values are shown as the mean strain for each anatomical segment. The 
graphs illustrate a synchronous contraction for both the LV and RV. All strain values are 
consistently negative, indicating muscle shortening. Strain in the longitudinal direction, 

















Figure 5.3: Tangential strain (Ett) and displacement fields obtained from displacement 
trajectories for a healthy volunteer in long axis (a-c) and short axis (d-f), views respectively. (a, d) 



































Mid Ventricular Short Axis 
  
Basal Short Axis 
  
Ant LV Free Wall               Inf LV 
Lat LV Free Wall               Inf Septum            RV Free Wall            Diaphragmatic RV 
Post LV Free Wall              Ant Septum  
Long Axis 
  
Basal Septal                Apical Lateral 
Mid Septal                Mid Lateral            Apical RV              Basal RV 
Apical Septal               Basal Lateral  
Figure 5.4: Strain time curves for a normal volunteer for a mid ventricular short axis LV (a) and 
RV (b), respectively; a basal short axis slice for the LV (c) and RV (d), respectively; and long 





























































































Figure 5.5 illustrates the mid-wall Ett strain time curves for a patient with a LBBB. The 
asynchronous contraction of the LV myocardium is evident in the short axis strain time 
curves, where a delayed onset of strain of roughly 50 ms in the posterior LV free wall and 
inferior LV is evident. The basal SA slice further shows delayed onset times in the 
posterior and lateral LV free walls, and in the anterior septum. The LA strain shows 
delays in peak strain in the lateral LV. The RV shows early strain peak times, except in 
the SA basal slice where the RV free wall shows a delayed contraction similar to that of 
the LV. When compared to the RV, the LV segments show delays in peak strain times in 
all SA and LA results. Certain segments were excluded due to low SNR, which may 



































Mid Ventricular Short Axis 
  
Basal Short Axis 
  
Ant LV Free Wall               Inf LV 
Lat LV Free Wall                             RV Free Wall            Diaphragmatic RV 
Post LV Free Wall              Ant Septum  
Long Axis 
  
Apical Lateral   Mid Lateral               
Basal Lateral       Basal RV 
Figure 5.5: Strain time curves for a patient with LBBB: (a, b) mid ventricular short axis LV and 
RV strains, respectively; (c ,d) strains for basal short axis LV and RV, respectively, and (e, f) 






























































































Figures 5.6 and 5.7 illustrate the effects of a RBBB and regional myocardial infarct in a 
patient. Figure 5.6 includes a gadolinium-enhanced image showing an anteroseptal infarct 
with the corresponding strain and vector displacement fields at end systole. Delays in 
peak strain time is shown in the RV diaphragmatic and free wall in the mid SA slice, with 
delays of roughly 65-85 ms in onset of strain times. The RV free wall in the basal short 
axis slice shows a delay of roughly 120 ms in time to peak strain. The septal regions in 
the LA data show zero strain in the apical septal LV, and low strain values with a delay in 
onset time in the basal septal and mid septal LV. The curvature of the strain time curves 
further illustrates abnormal function in the region, while the basal and mid lateral regions 
of the LV show normal strain values, but with delayed peak times. The basal RV segment 
in the LA view shows a delayed onset time of roughly 50 ms with a delay in peak strain 
time of the order of 220 ms. This corresponds well with the RV free wall in the mid and 
basal short axis slices. 
 
 
 Figure 5.6: (a) Mid ventricular short axis Gd-enhanced image with the corresponding strain 


















Mid Ventricular Short Axis 
  
Basal Short Axis 
  
Ant LV Free Wall               Inf LV 
Lat LV Free Wall               Inf Septum            RV Free Wall            Diaphragmatic RV 
Post LV Free Wall              Ant Septum  
Long Axis 
  
Basal Septal                Apical Lateral 
Mid Septal                Mid Lateral            Basal RV 
Apical Septal               Basal Lateral  
Figure 5.7: Strain time curves for a patient with RBBB with an anteroseptal infarct. (a, b) 
tangential strain time curves for the LV and RV, respectively, for a mid ventricular short axis 































































































Figure 5.8 shows a second patient with RBBB, this time without an infarct. A delay in 
onset of strain of 100-140 ms in the anterior LV free wall and inferior septum is evident 
in the SA mid ventricular strain-time curves, while a delay in onset time of roughly 85 ms 
is evident in the anterior and inferior septum of the LV in the basal SA slice. A delayed 
onset is seen in the RV free wall, with a delayed peak strain time in both mid and basal 
slices. The basal and apical RV segments of the LA data each show delayed onset times 
of roughly 120 ms. The LV septal segments in the LA data further show delayed onset 




























Mid Ventricular Short Axis 
  
Basal Short Axis 
  
Ant LV Free Wall               Inf LV 
Lat LV Free Wall               Inf Septum            RV Free Wall            Diaphragmatic RV 
Post LV Free Wall              Ant Septum  
Long Axis 
  
Basal Septal                Mid Lateral           
Mid Septal                Basal Lateral            Basal RV      Apical RV  
Figure 5.8: Strain time curves for a patient with RBBB for the LV and RV, respectively, for (a,b) 






























































































This study presents methods for analyzing 2D cine DENSE data in two different imaging 
planes, in order to assess motion and function in the healthy and diseased heart more 
thoroughly, in the absence of 3D data. The cine DENSE methods and techniques 
described here are suitable for analyzing both the left and right ventricles.  
 
Two dimensional tissue tracking methods were tested on a rotating phantom described in 
[27]. The tracking results illustrated in Figure 5.3 show a synchronous ventricular 
contraction and a good representation of cardiac motion in long and short axis views. No 
spatial smoothing was applied to the data other than a temporal polynomial fit, which was 
applied to the motion trajectories. This provides a more realistic trajectory behavior of 
cardiac motion, allowing for strain to be calculated at any temporal resolution. Normal 
strain calculation results for both the LV and RV compare favorably with previous 2D 
DENSE and myocardial tagging studies [12, 36, 38]. Only one healthy volunteer was 
included in this study to illustrate the expected evolution of strain in the different 
anatomical segments in a healthy heart, in order to demonstrate the deviation from 
healthy strain patterns in a diseased heart. It may be difficult to directly compare strain 
results presented in this study to previous studies, as strain-time curves are presented as a 
mean strain within each anatomical segment, and the RV segmental divisions vary 
between studies, causing slight variations in reported peak strain values. 
 
Zwanenburg et al. showed how in healthy myocardium, mechanical activation follows 
electrical activation and how time to onset and time to peak can be used to assess 
dyssynchrony and select candidates for CRT treatment [85]. This work presents methods 
using both time to onset and time to peak to quantify and assess interventricular 
dyssynchrony.  
 
The LBBB results show good correlation between SA and LA strain results. When 
compared to the RV and the healthy LV, each LV segment shows a delay in time to peak 














peak strain in the inferior LV and the posterior LV free wall. The SA basal slice further 
shows delays in the LV lateral free wall and the posterior LV in both onset times and 
peak strain times. This is in good correlation with the LA data, where the basal, mid and 
apical lateral segments show delays in onset times and peak strain times. Results illustrate 
that in LBBB the RV has earlier time to peak strain than the LV. 
 
The ability of DENSE to quantify myocardial dysfunction is shown well in Figure 5.6, 
where the tangential strain maps and displacement vector images show the region of the 
infarct. The strain is represented as zero during end systole by the color, and a delay in 
contraction of the ventricular segments is evident as the yellow displacement vectors are 
not fully extended towards the center of the LV during end systole. In Figure 5.7 the zero 
strain shown in the anterior LV free wall and anterior septum of the mid ventricular SA 
slice, indicate the location of the patient’s infarct, while the onset delay of the 
diaphragmatic RV and time to peak delay of the RV free wall indicates the presence of 
RBBB. The basal LV SA slice shows poor contraction in the inferior and anterior septum, 
and, like the mid slice, shows a delay in contraction in the remaining LV segments. The 
LA LV strain time curves show poor contraction in the septal segments, with late peak 
times in the lateral LV segments. The SA and LA data of the RV also correlate well and 
demonstrate a delay in both times to onset and peak strain in the RV.  
 
Both LA and SA strain time curves illustrate the asynchronous contraction with delayed 
onset times and delayed strain peak times in both the LV and RV strain results for the 
patient with a RBBB and no infarct. The anterior and inferior septal segments, and the 
inferior LV segment in both the LV mid and basal slices show poor contraction, delayed 
onset times and time to peak. This compares well with the LA results, showing late onset 
and contraction times in the septal regions, with the lateral region showing delayed peak 
strain times. In the SA results, both the basal and mid ventricular slices show delayed 
onset times in the RV free wall, and delayed peak strain times in the RV free wall and 
diaphragmatic RV. We note that during a LBBB the RV is forced into an early time to 















According to a study by Helm et al, circumferential shortening is the preferred measure 
when analyzing interventricular dyssynchrony as longitudinal analysis suffers from low 
dynamic range [56]. That study, however, only analyzed the LV and used a canine model 
of dyssynchronous heart failure, which limits the assessment of damaged/fibrotic tissue 
and regional contraction abnormalities, such as timing delays. 
 
Helm et al, together with Levya et al. proposed using radial strain analysis to further 
facilitate quantifying dyssynchrony [56, 86]. Although radial strain analysis is a good 
option for LV analysis, little can be accomplished with the thin wall of the RV. Studies 
by [51, 87] show the predominantly longitudinal contraction and strain found in the RV. 
Therefore, using both LA and SA data when analyzing the RV should improve the 
reliability of results when analyzing interventricular dyssynchrony. Future work should 
include a larger study incorporating more patients before and after LV and bi-ventricular 
pacing in order to assess the advantages of LA data when analyzing both LV and RV 
dyssynchrony.  
 
Limitations of this study include signal loss caused by intra-voxel dephasing in 
stimulated echo imaging during tissue deformation [88]. Because the thickness of the RV 
is similar to the in plane pixel size and considerably less than the slice thickness, partial 
volume effects further reduce the signal to noise ratio (SNR) in the RV. Errors due to 
through plane motion still pose challenges in routine cine DENSE analysis, particularly in 
the RV. The encoding frequency ke can be reduced in order to limit intra-voxel dephasing 
in the RV and improve SNR but at the expense of displacement sensitivity. A measure of 
data confidence was developed to guide interpretation in regions of low SNR and to 
signal the presence of phase-unwrapping or breath-hold misalignment errors. Certain 
ventricular segments were therefore excluded during analysis. 
 
In order to compensate for through plane motion in cine DENSE and track the 
myocardium in 3D, a DENSE slice following method is introduced [31]. This method 
however suffers from reduced SNR and requires multiple breath-holds for encoding a 














work should incorporate patient 3D spiral cine DENSE data, where tissue motion and 
strain can be quantified for the entire LV and RV [4, 33].  
5.5 Conclusion 
The initial results presented here provide a good representation of ventricular function, 
showing the feasibility of using 2D cine DENSE data acquired in different views to 
quantify abnormal motion and strain in diseased tissue. Strain results in the longitudinal 
and circumferential directions are in good agreement and provide useful insights in 





























This thesis presents techniques for the analysis of intramyocardial function using cine 
DENSE MRI, including the first comprehensive study of RV motion and strain in three 
dimensions using 3D cine DENSE MRI and a semi-automated segmentation algorithm 
for the LV. A method is also presented to quantify LV and RV cardiac dyssynchrony by 
combining two orthogonal 2D cine DENSE data sets in the absence of 3D data, which is 
not yet clinically feasible due to long acquisition times. 
 
Three dimensional RV strain results compare favorably to previous RV CMR studies, 
with the proposed RV anatomical divisions relating well to regional differences in 
function. As the RV myocardium varies in wall thickness between the base and apex, this 
is reflected in the functional parameters measured. Strain is consistently lower in the 
inflow region when compared to the apical and mid RV regions. 
 
The evolution of strain in Figures 3.5 and 3.6 show a distinct pattern of regional 
mechanical activation. In contrast to the study by McKenna et al. of RV function [54], the 
present results show mechanical contraction from the base to the apex. This is in 
agreement with results of  Buckberg et al. and Ballester-Rodes et al. who also concluded 
that mechanical activation of the ventricles occurs in a basal to apical direction [89, 90]. 
Ballester-Rodes present the heart as a single band with a double-loop helicoid 
configuration, while Buckberg shows that initial cardiac motion occurs at the base during 
isovolumetric contraction. Zwanenberg et al. present the time to peak shortening on the 
LV and used bull’s eye illustrations to depict that the first time to peak occurs in a mid-
basal region as opposed to an apical region [91]. The present results were based on 5 data 
sets only and should be extended to a larger sample of the population in order to address 














three segments, namely superior, mid and inferior regions, would allow for a more 
complete analysis of RV regional function.  
 
In the absence of 3D data, 2D cine DENSE has been shown to accurately quantify 
myocardial strain [38, 92]. By using data from two orthogonal views in the analysis, it is 
possible to assess myocardial deformation and strain in the circumferential and 
longitudinal directions separately.  
 
A variety of methods to detect dyssynchrony using strain measurements are summarized 
in Lardo et al. [83]. Such methods include temporal uniformity of strain / circumferential 
uniformity of strain (CURE). Here the dynamic strain values in each myocardial segment 
are subjected to Fourier analysis and decomposed into zero-order terms, with the results 
ranging from 0 to 1 (1 = synchrony, 0 = dyssynchrony). CURE and any of the other 
methods could be applied to cine DENSE analysis of LV dyssynchrony [92], however, 
they are precluded from analysis of the RV because of its lack of spatial periodicity and 
the low spatial resolution available. In this work, the time to peak strain and time to onset 
of strain were the metrics used to identify regions of mechanical dyssynchrony. 
 
There is good agreement between the 2D mid-line strain results of the LV and RV for the 
basal and mid ventricular slices, and between the SA and LA data sets. The differences in 
strain between the healthy and diseased patients are clearly evident. Furthermore, the 
difference between the LBBB and the RBBB manifests clearly in the differences in time 
to peak strain. In LBBB, the RV is shown to have early peak times when compared to the 
LV, while in the RBBB results, the RV is shown to have a delayed time to peak strain. 
Future studies involving patients before and after CRT would allow investigation of the 
effects of CRT on the time to onset and the validity of using time to peak strain as a tool 
for identifying suitable patients for the procedure. The initial results using 2D cine 
DENSE in volunteers and heart failure patients suggest that the above methods can be 















A limiting factor in the myocardial strain analysis for both 2D and 3D DENSE was the 
time required to manually segment both the LV and RV from surrounding anatomical 
structures. Previous segmentation methods have been presented for the LV using 2D cine 
DENSE [47]. This work presents a semi-automated method for segmenting the LV in 3D 
DENSE data.  
 
Like previous 2D cine DENSE segmentation methods, the present algorithm also relies 
on accurate phase unwrapping [47]. By reducing the displacement encoding frequency ke 
sufficiently, it is possible to ensure that no phase wrapping occurs. However, by lowering 
the value of  ke , there is a decrease in displacement sensitivity [26]. As shown in [3, 25], 
practical values of ke make phase unwrapping inevitable. A robust phase unwrapping 
algorithm is  presented in [27] without the need for pre-defined myocardial contours. 
However, due to intravoxel dephasing and partial volume effects, regions of myocardium 
of 1-2 pixels in thickness experience reduced displacement measurement accuracy and 
therefore phase unwrapping errors [47]. The segmentation method presented here is 
therefore only suitable for the LV, as the RV thin wall often does not span more than 2 
pixels and suffers from low SNR in certain regions. A segmentation algorithm for the RV 
is outside the scope of this project as the RV requires a more robust phase unwrapping 
algorithm. However, the concepts and segmentation algorithm presented in this work can 
be expanded to the RV.  
 
The LV segmentation results presented show an accurate and reproducible segmentation 
technique, as the global parameters and spatial overlap results show good agreement 
between model derived contours and the manually defined contours.  
 
There are a number of advantages to this segmentation algorithm: the method is 
independent of the shape of the LV myocardium, only high quality data (vector spatial 
derivative calculations and high SNR filters) are used for LV volume propagation, and 
user interaction is significantly reduced. As current DENSE analysis methods depend on 
the manual contouring of each data set, the algorithm will produce more accurate results 














consistently identify the same region of myocardium. However, the algorithm is based on 
the high SNR data present, and the segmentation algorithm only includes myocardial 
vectors that have been incorporated in tissue tracking.  
 
A low percentage (5.6%) of contours required readjustment after the segmentation 
algorithm. Currently, this is done by the user as each contour is manually adjusted 
according to the LV boundary. An accuracy checking algorithm could be implemented 
after segmentation. As only high SNR voxels are incorporated, an active contour 
‘checking step’ can be implemented on the magnitude reconstructed images. Each 
contour would be adjusted automatically, thus further reducing user interaction and 
limiting the need for a user to make a subjective decision. 
 
Limitations of this work include the low SNR associated with the stimulated echo in 
DENSE and the effects of through plane dephasing, which remain significant obstacles to 
routine ventricular analysis with cine DENSE. Various regions of myocardium in both 
the 2D and 3D data sets were excluded from analysis due to low SNR and unreliable 
strain measurements and the accurate propagation of guide points was influenced by 
noisy displacement information. The 3D cine DENSE sequence consists of a long scan 
time, therefore limiting the use of 3D DENSE in a clinical setting and the ability to 
acquire 3D patient data. Unlike slice following, 2D cine DENSE does not take into 
account the effects of through plane motion, which is experienced during the cardiac 
cycle, thus potentially lowering SNR in certain regions of the myocardium. 
 
Future work should look to investigate whether the phase encoding frequency can in fact 
be reduced to limit phase wrapping and improve the SNR, particularly in the RV, without 
the tradeoff of losing displacement sensitivity. This could work in conjunction with 
implementing a more robust phase unwrapping algorithm for the RV, thus allowing for 
the implementation of a segmentation algorithm for both ventricles.  
 
An increased database of both healthy and diseased data should be acquired. This will 














data using 2D bi-ventricular dyssynchrony methods and techniques. By increasing the 
number of patient data sets before and potentially after CRT, the use of time to onset and 
time to peak strain as indicators of patients suitable for CRT could be examined. As RV 
analyses are limited, methods like 3D DENSE could be used to investigate how diseases 
of the LV affect the RV and vice versa. These studies would improve diagnosis of cardiac 









































When compared to other CMR imaging techniques, cine DENSE has been shown to 
provide accurate and repeatable cardiac motion and deformation measurements. In this 
work, we have presented methods that advance the analysis of cine DENSE data and 
contribute towards our understanding of regional myocardial function.  
 
The methods presented in this dissertation allow one to quantify and assess 
intramyocardial function, and have been shown to be accurate and produce results that 
compare well with previous studies. Tissue tracking, temporal fitting and strain 
calculation methods were shown to be reproducible and produce accurate results. The 
ventricular segmental divisions were defined according to anatomy, structure and 
orientation of the heart, which allow for the assessment of regional cardiac function. 
Algorithms and techniques were presented and verified using healthy human data, while 
showing promising results in the diagnosis of cardiac electrical conduction problems. 
 
The analysis of the RV at multiple cardiac phases was for the first time implemented 
using healthy human 3D cine DENSE data at a previously unattainable temporal 
resolution. Compared to 2D cine DENSE of multiple slices, 3D DENSE imaging captures 
the true volumetric information of the LV, providing a more accurate representation of 
cardiac motion and function.  
 
A major limiting factor in 3D DENSE is the time required to segment the ventricles. The 
3D semi-automated segmentation algorithm for LV using 3D cine DENSE MRI data 
presented in this dissertation contributes towards a fully automated myocardial analysis.  
















In the absence of 3D cine DENSE data, two orthogonal 2D cine DENSE views were used 
in order to assess cardiac function in both the LV and RV. Methods show the ability to 
quantify both motion and strain in the healthy and diseased heart. Strain results in the 
longitudinal and circumferential directions present regions of myocardium affected by 
left and right bundle branch conduction problems.  
 
The combination of this work can contribute towards a faster, more accurate and reliable 
assessment of cardiac function using DENSE imaging data in a healthy and diseased 
heart through (1) segmenting the LV myocardium from surrounding structures with 
minimal user intervention in an acceptable time, (2) tissue tracking methods in order to 
quantify ventricular motion in both the LV and RV, (3) strain calculation in order to 
assess regional cardiac function, and finally (4) using these measurements to diagnose 
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